GLOBAL MINIMUM SEARCH AND CARBON MONOXIDE BINDING STUDIES OF NOVEL GOLD NANOCLUSTERS by Khetrapal, Navneet S
University of Nebraska - Lincoln
DigitalCommons@University of Nebraska - Lincoln
Student Research Projects, Dissertations, and
Theses - Chemistry Department Chemistry, Department of
Fall 11-30-2018
GLOBAL MINIMUM SEARCH AND
CARBON MONOXIDE BINDING STUDIES
OF NOVEL GOLD NANOCLUSTERS
Navneet S. Khetrapal
University of Nebraska-Lincoln, navneet.s.khetrapal@huskers.unl.edu
Follow this and additional works at: http://digitalcommons.unl.edu/chemistrydiss
Part of the Physical Chemistry Commons
This Article is brought to you for free and open access by the Chemistry, Department of at DigitalCommons@University of Nebraska - Lincoln. It has
been accepted for inclusion in Student Research Projects, Dissertations, and Theses - Chemistry Department by an authorized administrator of
DigitalCommons@University of Nebraska - Lincoln.
Khetrapal, Navneet S., "GLOBAL MINIMUM SEARCH AND CARBON MONOXIDE BINDING STUDIES OF NOVEL GOLD
NANOCLUSTERS" (2018). Student Research Projects, Dissertations, and Theses - Chemistry Department. 91.
http://digitalcommons.unl.edu/chemistrydiss/91
 
 
GLOBAL MINIMUM SEARCH AND CARBON MONOXIDE 
BINDING STUDIES OF NOVEL GOLD NANOCLUSTERS 
 
by 
Navneet Singh Khetrapal  
 
A DISSERTATION 
 
Presented to the Faculties of  
The Graduate College at the University of Nebraska 
In Partial Fulfillment of Requirements 
For the Degree of Doctor of Philosophy 
 
 
Major: Chemistry 
 
Under the Supervision of Professor Xiao Cheng Zeng 
 
Lincoln, Nebraska 
December 2018 
 
GLOBAL MINIMUM SEARCH AND CARBON MONOXIDE 
BINDING STUDIES OF NOVEL GOLD NANOCLUSTERS 
Navneet Singh Khetrapal, Ph.D. 
University of Nebraska, 2018 
Adviser: Xiao Cheng Zeng 
In bulk form gold is a well-known noble metal. However, gold nanoparticles exhibit remarkable 
catalytic behavior towards various types of chemical reactions. These catalytic properties are 
highly dependent upon the size and shape and therefore knowledge of the geometries of these 
nanoparticles is of prime importance. The main goal of this dissertation is therefore going to be 
towards the elucidation of the structures of novel gold clusters using a combined experimental 
and theoretical approach and subsequent modeling to explore the binding of simple substrates 
like carbon monoxide with gold clusters.  The theoretical method used to study the structure 
evolution of these nanoparticles involves global optimization. Basin-hopping (BH) algorithm in 
conjugation with Density Functional Theory (DFT) has been extremely successful in exploring 
the potential energy surface of novel pure and mixed gold clusters. The combination of 
photoelectron spectroscopy with the theoretical methods is an important tool for studying the 
various types of pure as well as alloy gold nanoclusters. Apart from the structure elucidation of 
medium-sized gold nanoclusters and small-sized gold-aluminum alloy clusters, this method has 
also enabled us to unravel new geometries of medium-sized gold nanoclusters when they bind to 
small molecule substrates such as carbon monoxide and therefore help in better understanding of 
the catalytic activities and in illustrating the reaction pathways. 
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Chapter 1 
 
Introduction 
 
1.1 Introduction to Clusters 
The term “cluster” is defined as an aggregate of particles (atoms or molecules) which 
are held together by ionic, covalent, or dispersive forces.1 The constituent particles 
of the clusters could be identical or belonging to two or more different species. 
Clusters form a vital link between atomic and bulk states of matter. Based on size or 
number of constituent particles, clusters can be classified as small, medium-sized or 
large. In small sized clusters, there is no smooth dependence of the intrinsic 
properties on the number of component particles. However, if a cluster is medium-
sized or large, the properties are smoothly varying functions of the number of 
component particles.2 Therefore, structure elucidation is essential in uncovering the 
origin and evolution of geometric, electronic, magnetic, optical, thermal and 
catalytic properties of the clusters. In many cases, the properties of the clusters differ 
remarkably from their bulk counterparts. For example, in bulk form gold is 
considered as an inert metal but gold nanoparticles exhibit high catalytic activity.3 
The catalytic activity of these nano-catalysts depends upon their size and structure. 
2 
 
Therefore, the elucidation of the structures of the clusters can help in better 
understanding of the mechanisms of the cluster catalyzed reactions, which would 
consequently lead to production of highly-active, tailor-made nano-catalysts. 
However, because of the difficulty in production and isolation of the clusters and 
increase in computational cost with increasing size and complexity of the cluster, 
finding the global minimum of potential energy surface is very challenging. 
Advances in experimental techniques (such as laser vaporization and photoelectron 
spectroscopy) and rapid increase computational capability has made it possible to 
tackle this problem more efficiently. Depending on the size of the cluster, classical 
or semi-classical methods can be chosen to explore the potential energy surface of 
the cluster to strike a balance between accuracy and computational cost. The 
structures obtained from this method can be then be further optimized at ab-initio or 
Density Functional Theory (DFT) levels. However, because of the vast size of the 
potential energy surface, the determination of cluster geometry by theoretical means 
alone cannot be used with full conclusiveness. Therefore, a combination of 
sophisticated experimental methods such photoelectron spectroscopy and DFT 
methods seems to be the best strategy to identify the global minimum structure of 
any cluster size. This method has been successfully used by the researchers to 
identify the global minimum structures of a large number of homo as well as hetero-
atomic clusters.4-9  
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1.2 Types of Clusters 
Clusters can be categorized based on size, composition and type of bonding. Based 
on size clusters be small, medium-sized and large clusters. The size range between 
2-20 atoms is considered as small, between 20-50 is considered as medium-sized 
and anything larger than that is considered as a large cluster. Depending on the 
composition, clusters can be classified as homo-atomic clusters which are made up 
of only one type of atoms and hetero-atomic clusters made up of two or more 
different type of atoms. Based on the nature of bonding, clusters can be classified as 
metal clusters, non-metal clusters, ionic clusters, molecular clusters and cluster 
molecules. 
1.2.1 Metal Clusters 
A wide type of metallic elements including alkali metals, alkaline earth metals, sp-
metals and transition metals form clusters.  In case of alkali and alkaline earth metals 
delocalized and non-directional bonding involving mainly s orbitals is found 
whereas in case of sp-metals bonding involving both s and p orbitals has some 
covalent character. In transition metal clusters, the bonding involves valence d 
orbitals has even greater amount of directionality and covalent character. Metal 
clusters can be comprised of single type of metal atoms (Pure metal clusters) or can 
be composed of more than one type of metals atoms (alloy clusters). Among all 
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metal clusters gold clusters are especially interesting because they exhibit unique 
catalytic properties which are not found in the bulk state of gold. Ever since the 
discovery of catalytic properties of nano-gold by Haruta et al.10 the catalytic 
applications of gold have been studied extensively for wide variety of reactions. The 
catalytic activity of gold clusters can be further improved by mixing or doping them 
with other metal atoms. Chapters 3 and 4 have dedicated on the study of mixed gold-
aluminum alloy clusters.  The strong relativistic effects and large number of 
electrons in the gold make the theoretical calculations immensely challenging. 
Although the atomic electronic structure of copper, silver, and gold, features a filled 
d shell and a singly occupied s shell, but the structural trends of their corresponding 
clusters are quite different. For copper (Cun
-) and silver (Agn
-), the three-dimensional 
(3D) structures are observed for n=7. But the gold cluster anions (Aun
-) tend to favor 
the two-dimensional (2D) structures up to relatively large sizes of n=11, with a 2D 
to 3D structure transition occurring at n=12.  This is due to the relativistically 
enhanced stronger sd hybridization and d-d interaction present in gold than in silver 
and copper.11 
1.2.2 Non-metal clusters 
Non-metal clusters are made up of elements such as boron, carbon, silicon, 
germanium, phosphorous etc. The bonding in these type clusters is covalent with 
strong and directional bonds. These can also include heteroatomic clusters such as 
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GaxAsy which have polar covalent bonds. Amongst non-metal clusters boron clusters 
have been widely studied. Short covalent radius, electron deficiency and sp2 
hybridization of valence electron enables boron to form a wide range of 
nanostructures. Since both boron and carbon are neighbors in the periodic table, they 
are expected to exhibit similar properties and growth patterns. Both have been 
known to show quasi-planar, tubular, convex and spherical structures. Diamond-like 
hardness, very low density and high melting point of 2349K enables applications of 
bulk boron in high density fuels and electronics. Since bulk state of boron contains 
B12 icosahedral unit cells, in small sized boron clusters similar cage-like motifs are 
expected. But, surprisingly two-dimensional planer or quasi-planer structures have 
been found to be predominant.  
1.2.3 Ionic clusters 
Ionic clusters are generally formed between metals and non-metals, such as alkali-
metal halides, for example [NaxCly]
(x-y)+ and alkaline earth metal oxides for example 
[MgxOy]
2(x-y)+. The overall charge on the cluster depends on its stoichiometry. As the 
electronegativity difference between the constituent positive and negative elements 
decreases, the bonding character of ionic and non-metal clusters converges.  
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1.2.4 Rare gas clusters 
Inert gas clusters can be produced at very low temperatures and are held together by 
very week van der Waals dispersion forces. The interatomic forces between clusters 
increase with the atomic mass. These clusters show low reactivity and light rare gas 
clusters such as that of helium show quantum effects such as superfluidity.  
1.2.5 Molecular clusters 
Molecular clusters are the clusters made out of compounds and are produced by 
supersonic expansion of molecular vapor.  The molecules may be all of the same 
type (homo-molecular clusters, such as the water clusters (H2O)N) or of different 
types (hetero-molecular clusters, such as (CH3OH)N(H2O)M). These clusters may 
exhibit van der Waals bonding, dipole-dipole interactions, higher order multipolar 
interactions and hydrogen bonding. Amongst the molecular clusters, water clusters 
have been most widely studied because all the naturally occurring phases of water 
can have great biological impact. The cavities in proteins and other biological 
macromolecular networks optimal places for the formation of water clusters.   
1.2.6 Cluster molecules 
Cluster molecules are the covalently bonded clusters and cages (such as boron 
hydride and transition metal carbonyl clusters), which are thermodynamically and 
kinetically stable and can exist in the solid, liquid and vapor phases.  
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1.3 Production and characterization of clusters 
Experimentally clusters can be synthesized by thermal or laser vaporization 
methods.12-15 A laser beam is used to vaporize cluster elements from a solid source. 
This is followed by cooling of the resulting fragments. Time-of flight mass 
spectrometer is then used to differentiate and collect the cluster of interest from all 
possible masses. Once the clusters of interest are collected, the characterization is 
performed using photoelectron spectroscopy. Other well-known cluster 
characterization methods are photo-fragmentation, vibration-rotation spectroscopy, 
collision induced dissociation, X-ray electron diffraction16 and ion-mobility 
experiments.17 Among these methods’ ion-mobility experiment is the most popular. 
In this method, the clusters synthesized by laser vaporization method are injected 
into a drift tube along with Helium career gas. The motilities of the clusters, 
undergoing transient heating and cooling cycles, are measured.  Ionic mobility 
depends on the shape of the cluster and therefore contains valuable information 
about their structures. X-ray diffraction or electron diffraction techniques are very 
popular methods to study clusters which are deposited on the surface of a solid 
support.  
Besides the experimental techniques many theoretical methods are also employed 
for structure elucidation of clusters. A combination of Density Functional Theory 
(DFT) with classical or semi-classical search methods is quite popular among the 
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researchers because of its ability to search the potential energy surface very 
efficiently and accurately. However, because of the vast and multidimensional 
structure of the cluster potential energy surface, even the most accurate theoretical 
methods cannot be used with full confidence to identify the global minima. This 
problem can be solved by comparing theoretical and experimental results to 
elucidate the geometries of the global minimum isomer. Therefore, theoretically 
calculated properties such as vertical excitation, elctron binding energies of  multiple 
possible candidate structures are compared with the experimental observation 
directly.  
1.4 Dissertation Overview 
The aim of this dissertation is to probe the structures of  pristine gold, gold-aluminum 
alloy clusters and to study the binding of carbon-monoxide (CO) to medium-sized 
pure gold clusters by using global search algorithms and comparing the simulated 
photoelectron spectra of the lowest energy candidate structures with the 
experimental ones. In Chapter 2, the theoretical methods which are used to obtain 
lowest energy isomer population are described in detail. These involve global search 
methods, electronic structure tools and methods to simulate photoelectron spectra. 
Chapters 3 to 6 present the study of gold-aluminum alloy, double-gold-doped 
aluminum, pure gold and CO adsorbed pure gold clusters respectively. Chapter 3 
deals with gold aluminum alloy clusters and is aimed to unravel the composition 
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dependent structure evolution. Chapter 4 is focussed on the size-dependent structural 
progression of double-gold-doped aluminum clusters. In Chapter 5, structures of 
medium-sized pure gold clusters are presented. Lastly, in Chapter 6, the adsorption 
of CO on medium-sized pure gold clusters is reported. 
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Chapter 2 
 
Methodology 
 
2.1 Global Optimization Methods 
Global optimization methods are of prime importance in the study of clusters due to 
their application towards illustration of potential energy surfaces. These methods are 
used widely as a tool for studying lowest-lying structures in the potential energy 
surfaces of atomic and molecular clusters. Illustration of the potential energy 
surfaces of clusters can also help to study chemical reaction dynamics or structural 
transitions of nanoparticles. The following sections will introduce the key concepts 
behind global optimization methods and discuss how to describe potential energy 
surface of clusters using these techniques. Finally, some of the important global 
optimization methods, which are often used to explore geometries and dynamics of 
clusters, will be introduced.  
2.2.1 Describing Potential Energy Surface  
 Potential energy surfaces can be denoted as a multidimensional plot of total energies 
of atomic arrangements with nuclear positions as variable. In order to construct a 
potential energy surface one has to collect electronic energy data of tens of thousands 
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of possible atomic orientations of a cluster or atomic assembly and then fit 
numerically into a multidimensional function. Such a surface can be visualized as 
an uneven landscape, where moving north to south and east to west are two 
independent variables which are equivalent to two geometrical parameters of the 
cluster. The minimum points in the potential energy surface can be considered stable 
geometric isomers and the high points are relatively short lived or transition 
structures. The lowest lying minimum is called the global minimum isomer.  
The Born Oppenheimer (BO) approximation1 is the key to accurately describe a 
potential energy surface and therefore is ubiquitous to the calculations related to the 
atomic and molecular clusters. The details of the BO approximation will be 
discussed under the electronic structure methods in section 2.3. In short, at first the 
nuclear kinetic energy is ignored as compared to electronic motions, which is logical 
since the electrons move much faster than the nuclei. The electronic Schrödinger 
equation is then solved to obtain the energy (Ee) for a certain nuclear orientation. 
After solving many such equations with varying nuclear coordinates (R) one can 
plot the energies (Ee) as a function of R. The result is an extremely wavy energy 
landscape or the so-called potential energy surface.  
Walking along the potential energy surface is therefore extremely crucial in order to 
determine the global minimum structure of a cluster. Many isolated local minima 
should be seen along the surface and moving from one minimum point to another 
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involves crossing a high barrier. Figure 2.1 represents a typical three-dimensional 
potential energy surface, which shows three low lying points A, B,  and D. Let’s 
consider the relative stabilities are B < A< D that indicates that point D is the global 
minimum. Therefore, to arrive at D from any other minimum (A or B) one has to 
pass through some high point. C is such a representative high point lying between A 
and B and therefore can be considered as a saddle point. For a system consisting of 
N atoms, the potential surface may involve N-1 dimensions, which will be difficult 
to visualize if N corresponds to a large number. On top of that there will be an 
enormously large number of minima that need to be searched in order to find the 
absolute minimum or global minimum.  
 
Figure 2.1. Three-dimensional potential energy surface representing low-lying points (A, B, D) 
and high point (C). Point C is a representative lowest energy high point between points A and B 
and can be called as saddle point.  
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2.2.2 Monte Carlo Methods 
2.2.2.1 Classical Monte Carlo 
The classical Monte Carlo (MC) methods2 are widely used for computer simulation 
of physical and mathematical systems. It is a combination of numerous computer 
algorithms, which rely on repeated random sampling to calculate relevant results.  
There are many MC algorithms, among which the Metropolis algorithm developed 
in 1953 is the most widely used because of its ability to provide a solution to high 
dimensional problems within a reasonable timeline.  
Under the Metropolis algorithm scheme in canonical ensemble the statistical average 
of any observable A which can be expressed as a function of x [When NVT (N = 
number of particles, V = volume of the simulation box and T = temperature) remains 
constant] is given by the following equation: 
〈𝐴〉 =
∫ 𝐴(𝑥)𝑒
−𝐸(𝑥)
𝑘𝐵𝑇 𝑑𝑥
∞
−∞
∫ 𝑒
−𝐸(𝑥)
𝑘𝐵𝑇
∞
−∞
𝑑𝑥
 
Where kB is the Boltzmann constant and E(x) is the potential energy associated with 
the state A(x) and T is the absolute energy. Let’s consider that x is nuclear 
coordinates then E(x) becomes the electronic potential energy which can be plotted 
to reproduce the potential energy surface. The fraction [𝑒
−𝐸(𝑥)
𝑘𝐵𝑇 /∫ 𝑒
−𝐸(𝑥)
𝑘𝐵𝑇
∞
−∞
] is called 
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the Boltzmann distribution factor which expresses the contribution of each point x 
to the average quantity. The denominator ∫ 𝑒
−𝐸(𝑥)
𝑘𝐵𝑇
∞
−∞
 is called the partition function 
of the distribution. A system comprising of N atoms would have a 3N dimensional 
phase space (x). Therefore, using the MC simulation, one would like to find out the 
minima of A(x) within a large number of possibilities. On the other hand, it would 
be a growing challenge with bigger values of N to compute all values of A(x) and 
choose the right minima among them. The Metropolis scheme, which uses a 
penalizing model and chooses only the useful data, becomes very convenient in these 
cases. The entire process typically involves two steps: (a) at first A(x) is estimated 
separately for each move and (b) then use a penalization term for whether or not a 
move will be selected. Only the moves those satisfy the penalization conditions are 
accepted. Therefore, it is very crucial to adjust for the acceptance ratio in MC 
simulation. If nearly all moves are to be accepted, then the simulation time can be 
very large. On the other hand, if the acceptance ratio rejects a most of the trial moves 
then very little of the configuration space is going to be explored. In principle, this 
should be done by performing a random walk through the potential energy surface. 
However, with increasing cluster size this becomes almost impractical to sample all 
the possible configurations. Therefore, a trick can be utilized. The Metropolis 
scheme determines the penalization function based on the Boltzmann distribution of 
the configuration and determines the contribution of each configuration on the 
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potential energy surface to the statistical average A(x). This is quite logical because 
at a constant temperature (T) most high energy [E(x)] cluster configurations will 
have a negligible contribution to the Boltzmann factor. The entire method can be 
illustrated using the following scheme: 
Step 1: An initial state i is chosen and the potential Ei is calculated.  
Step 2: Induce a random particle position displacement to create a new state j and 
calculate the new potential Ej 
Step 3: Determine the potential energy change ∆E = Ej - Ei 
Step 4: If ∆E < 0 then the move will be accepted, and the program should go back 
to Step 2. 
Step 5: In case ∆E > 0 the state j can only be accepted based on the condition in Step 
6.  
Step 6: A random number η is chosen (where 0 < η < 1) and if η < 𝑒
−∆𝐸
𝑘𝐵𝑇, then move 
will be chosen and the program should go back to step 2. Otherwise the move is 
rejected but the old configuration can be counted again in averaging.  
Though Metropolis algorithm would be an excellent tool for global search the major 
limitation in its application is, often being stuck at a local minimum. Therefore, 
improved sampling methods like Hopping and Genetic Algorithm (GA) have been 
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introduced to make the search more efficient. These methods will be discussed in 
more details in the next few sections. 
2.2.2.2 Hopping Algorithm 
The Hopping Algorithm is essentially an extension of the classical MC method as it 
uses the Metropolis scheme for sampling the potential surface followed by 
minimization of the geometries generated at each Monte Carlo move. Although it is 
very successful in searching for a wide range of structures for clusters and 
conformations of biomolecules (such as protein folding, crystal structure 
predictions, free energy calculations, molecular recognition in proteins and nucleic 
acids etc.), in many ways hopping algorithm also suffers the same disadvantage as 
classical MC, particularly when a very high-energy barrier separates the true global 
minimum. This is because the sampling of potential energy surface is essentially 
performed using the same Metropolis scheme in both cases. Two extremely 
important modifications of the hopping algorithm have been developed to overcome 
such problem, e,g, Basin-Hopping (BH)3 and Minima-Hopping (MH).4 Each of these 
two methods and their advantages and downsides will be discussed in the following 
sections. 
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2.2.2.2.1 Basin-Hopping Algorithm 
The Basin-Hopping algorithm (also known by Monte Carlo plus Minimization or 
MCM) involves the transformation of the potential energy surface into a series of 
staircases. The transformation is achieved by local minimization or geometry 
optimization at each stable minima and mapping the entire basin at the same 
potential as the real minima. The transformation can be simply expressed by the 
following equation; 
𝐸𝑚𝑖𝑛(𝑥) = 𝑚𝑖𝑛{𝐸(𝑥)} 
Here min{} is the energy minimization operator. The transformed energy on the left 
side of the equation is therefore the energy corresponding to the entire basin. Every 
point in the basin is now isoenergetic (Emin) and therefore is mapped into a flat 
surface that also contains the minimum energy point. There would be many basins 
with variable depths and each of them being transformed to a flat surface will 
eventually look like randomly distributed series of staircases. In order to demonstrate 
the BH procedure a simplified two-dimensional potential energy surface is shown in 
Figure 2.2. The basins are represented by letters a, b, c, d and e. After transformation 
each basin looks like a flat surface and the entire potential energy surface resembles 
an uneven staircase (represented beneath the original potential energy surface by a 
red line). The advantage of such a transformation over the random walk algorithm 
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in the Metropolis scheme is now it won’t have to cross high-energy points (e.g. the 
high energy points between basins a, b or b, c etc.) in the potential energy surface. 
A simple translation along the planes of the staircases will make the moves much 
easier and therefore will have a greater chance to find the global minimum.  
 
Figure 2.2 A two-dimensional potential energy surface with five minimum points (a, b, c, d and 
e) represented by black curved line. The y-axis represents the Energy (E) of the conformations.  
2.2.2.2.2 Minima-Hopping Algorithm 
The Minima-Hopping (MH) method4, as depicted in scheme 1, tries to overcome the 
central difficulty of the Metropolis algorithm by minimizing the repeated visits. 
Originally developed by Goedecker group at Basel, MH method consists of two 
major parts. First the ‘Escape Part’ that tries to jump from one basin to another by 
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crossing the high barrier and then the ‘Downward Part’ tries to accept or reject the 
newly formed minima based on the threshold energy EThreshold. The new minimum is 
accepted if its energy is less than the correct minimum or if the difference in energy 
between new minimum and the current minimum is less than the threshold value 
(EThreshold). The EThreshold is adjusted in a way that only half the moves are accepted.  
The ‘Escape Part’ of the simulation helps explore new configuration spaces in 
potential energy surface using molecular dynamics (MD) simulation. After a single 
MD step if a minimum is found which is identical to any of the previously found 
minima then the kinetic energy is multiplied by an arbitrary factor β1 (> 1) and the 
step is repeated (as depicted in scheme 1). The probability of revisiting the same 
minima becomes very low after this operation due to an increase in kinetic energy. 
Once a new minimum is located the kinetic energy will be reverted back to the 
original value by multiplying it with the factor 1/ β1. 
Scheme 1. Schematic representation of minima-hopping algorithm. 
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2.2.2.3 Simulated Annealing 
Simulated Annealing (SA)5 is perhaps the oldest among the entire MC based global 
search techniques. SA algorithm was first developed to address the major issue of 
getting trapped in a local minimum in the Metropolis scheme. The idea behind SA 
is simply heating the system to high enough temperatures and subsequently cooling 
it down the overcome very high energy barriers. Although becoming successful at 
initial trials the SA method suffered multiple drawbacks. For example, when the 
surface consists of multiple funnels SA was unable to provide a good sampling of 
the potential energy surface. Also, when the almost all minima including global 
minimum is separated with very high enough barriers (the so called ‘willow tree’ 
pattern potential energy surface) SA suffers the same problem as the Metropolis 
method. 
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2.2.3 Molecular Dynamics Simulation 
Molecular Dynamics (MD) simulation6 utilizes Newton’s laws to generate the 
trajectory for molecular motion. For a system containing N atoms with positions ri 
the motions of the equation of motion is  
𝑚𝑖
𝑑2𝑟𝑖
𝑑𝑡2
=  𝑓𝑖  
Where mi is the mass of the i th particle (or atom) and fi is the force acting on that 
particle. Numerically the force can be solved using the gradient of the potential 
energy V of the system.  
𝑓𝑖 = −
𝑑𝑉
𝑑𝑟𝑖
 
The potential energy of the system can therefore be related to the particle positions 
ri, mass mi and time (t). The potential energy surface can be visited by changing the 
particle positions and simply integrating the Newtonian equation of motion. A 
typical MD simulation starts with initial geometry and calculating the potential 
energy and corresponding forces on each atom by integrating the equation of motion. 
The equations solving are continued until the potential energy of the system reaches 
at a steady minimum. Numerical methods are mostly preferred to perform the 
integrations because the analytical methods can be computationally expensive.  
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2.3 Electronic Structure Methods 
2.3.1 Fundamental of Quantum Chemistry 
Quantum chemical principles are intended to describe electronic motions around 
nuclear point charges. The Schrödinger equation is central to quantum mechanics. 
The most general form of Schrodinger equation is the time dependent differential 
equation, which can be expressed as: 
?̂?(𝒓, 𝑡)Ψ(𝒓, 𝑡) = 𝑖
𝜕Ψ(𝒓, 𝑡)
𝜕𝑡
 
Where H is the Hamiltonian operator given by the sum of potential and kinetic 
energies of the system: ?̂?(𝒓, 𝑡) = ?̂?(𝒓) + ?̂?(𝒓, 𝑡). T and V are the kinetic and 
potential energy operators respectively. The time dependent electronic wave 
function is represented by Ψ(𝒓, 𝑡). In order to arrive at the time independent 
Schrödinger equation one can assume that the electronic wave function Ψ(𝒓, 𝑡) can 
be written as a product of two functions ψ(𝒓) and f(𝑡). 
Ψ(𝒓, 𝑡) =  ψ(𝒓). f(𝑡) 
Ψ(𝒓, 𝑡) = ψ(𝒓). 𝑒−𝑖𝐸𝑡 
The expression of Ψ(𝒓, 𝑡) can be plugged in to the original time dependent 
Schrodinger equation and the following time independent form will be obtained: 
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?̂?Ψ(𝒓) = 𝐸Ψ(𝒓) 
2.3.2 The Born Oppenheimer (BO) Approximation 
In order to determine the energy of a system containing n electrons and N nuclei the 
time independent Schrodinger equation can be written as: 
?̂?ѱ({𝑥𝑖}, {𝑅𝛼}) = 𝐸ѱ({𝑥𝑖}, {𝑅𝛼}) 
Where, {𝑥𝑖} = {𝑥1, … 𝑥𝑛} represents all the spatial and spin coordinates of the n 
electrons and {𝑅𝛼} = {𝑅1, … 𝑅𝑁} denotes the spatial coordinates of all the nuclei. 
The Hamiltonian contains the following terms: 
?̂? = 𝑇𝑒 + 𝑇𝑁 + 𝑉𝑁𝑒 + 𝑉𝑒𝑒 + 𝑉𝑁𝑁 
Where, Te and TN are the kinetic energies of the electrons and nuclei respectively. 
The VNe, Vee, VNN are electrostatic interactions between nuclei-electrons, electrons-
electrons and nuclei-nuclei respectively. Using atomic units (i.e. ħ = 𝑚𝑒 = 𝑒 =
4𝜋𝜖0 = 1) each term can have the following forms: 
𝑇𝑒 = ∑
𝑝𝑖
2
2
𝑛
𝑖=1
= −
1
2
∑ 𝛻𝑖
2
𝑛
𝑖=1
 
𝑇𝑁 = ∑
𝑝𝛼
2
2𝑀𝛼
=
𝑁
𝛼=1
−
1
2
∑ 𝛻𝛼
2
𝑁
𝛼=1
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𝑉𝑁𝑒({𝑟𝑖}, {𝑅𝛼}) = − ∑ ∑
𝑍𝛼
|𝑟𝑖 − 𝑅𝛼|
𝑁
𝛼=1
𝑛
𝑖=1
 
𝑉𝑒𝑒({𝑟𝑖}) = ∑ ∑
1
|𝑟𝑖 − 𝑟𝑗|
𝑛
𝑗>𝑖
𝑛
𝑖=1
 
𝑉𝑁𝑁({𝑅𝛼}) = ∑ ∑
𝑍𝛼𝑍𝛽
|𝑅 − 𝑅𝛽|
𝑁
𝛽>𝛼
𝑁
𝛼=1
 
In theory, the solutions of the Schrodinger’s equation should accurately describe the 
energy of the system. However, with n electrons and N nuclei (3n+3N degrees of 
freedom), it becomes an ambitious task to solve the equation exactly. Therefore, 
approximations needed to be applied and the first important one is the Born-
Oppenheimer Approximation (BMA). According to BMA, the motions of the nuclei 
are much slower than the electron movements and therefore one can assume the 
overall wave function of the system of n electrons and N nuclei can be represented 
by a product of the two independent wave functions as follows: 
ѱ({𝑥𝑖}, {𝑅𝛼}) = ѱ𝑒({𝑥𝑖}, {𝑅𝛼}). ѱ𝑁({𝑅𝛼}) 
This approximation also allows solving for the electronic part of the Schrodinger 
equation by considering a part of Hamiltonian, which deals with electronic 
interactions only: 
?̂? = 𝑇𝑒 + 𝑉𝑁𝑒 + 𝑉𝑒𝑒 
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The solution will provide the electronic energy (Ee) for the system. 
?̂?𝑒ѱ({𝑥𝑖}, {𝑅𝛼}) = 𝐸𝑒ѱ({𝑥𝑖}, {𝑅𝛼}) 
And the nuclear part of the equation becomes: 
(𝑇𝑁 + 𝑉𝑁𝑁({𝑅𝛼}) + 𝐸𝑒({𝑅𝛼}))ѱ𝑁 = 𝐸ѱ𝑁 
This indicates that the nuclei moves under the potential 𝑉𝑁𝑁({𝑅𝛼}) + 𝐸𝑒({𝑅𝛼}) or 
𝑉𝐵𝑂 which is called the Born-Oppenheimer surface or the Potential Energy surface. 
The total energy therefore will be given by the potential energy and correction due 
to lattice vibrations. As a result of BO-approximation the total number of degrees of 
freedom, have been reduced from (3n+3N) to 3N, which is still a huge task to deal 
with. In order to evaluate the proper potential energy surface for a given system of 
electrons and nuclei, further approximations are essential and will be discussed in 
the following sections.  
2.3.3 The Approximation Methods to Solve Many-Body Problem 
The most fundamental approach to solve the time independent Schrodinger equation, 
as proposed by Hartree and Fock,7 is to approximate the electronic wave function 
can be simply represented by a single Slater Determinant8 of single particle wave 
functions. The wave functions are chosen to be anti-symmetric and therefore fulfill 
Pauli principle.9 This method introduces a quantum mechanical contribution to the 
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overall potential energy, which is called the exchange potential (Vx). However, the 
pair electron densities with unequal spins still remain unaccounted for. This 
interaction energy is termed as the correlation energy (Vc) and helps obtain results 
with greater accuracy. The correlation energy is however fairly small in magnitude 
as compared to either exchange or coulomb interaction energies and highly 
dependent on the basis set used. The exact energy can be obtained if full correlation 
can be obtained using a complete basis set.   
There are some methods, which are more accurate than Hartree-Fock method, to 
account for correlation energy of a system. Among those the most popular ones are 
(1) second or fourth order perturbation theory by Moller and Plesset10 (MP2 and 
MP4 respectively) (2) multi-configuration self-consistent field approach11 (MCSCF) 
(3) configuration interaction12 (CI) and (4) coupled cluster13 (CC) methods. 
However, these methods are computationally very expensive which limits their use 
to study medium to large size clusters. Density-functional theory14 (DFT) on the 
other hand helps to provide a new approach based on electron density ρ. The prime 
consideration in DFT method is that the properties (potential energy in particular) of 
a many-body system can be determined from the spatial electron density (ρ) 
functions. The name “functional” arises because the total energy is a function of the 
electron density functions of the system. Altogether DFT is a simplified approach 
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where Schrodinger-like but one electron differential equation is obtained by 
minimizing the energy functional with respect to the electron density of the system.  
2.3.4 The Thomas Fermi Model 
The main idea behind DFT approach is almost a century old. In 1927, Thomas and 
Fermi15 introduced a statistical model to describe electron densities in an atom and 
solved the classical kinetic energy equation which leads to a formula that expresses 
the kinetic energy as a functional of electron density: 
𝑇𝑇𝐹(𝜌) = 𝐶𝐹 ∫[𝜌
5
2⁄ (𝒓)] 𝑑𝒓 
Where CF is a constant and its value is 2.871. Eventually the electron-nuclei 
attractive interaction and electron-electron repulsions can also be accounted for 
using the following expressions: 
𝑉𝑁𝑒 = 𝑍 ∫
𝜌(𝒓)
𝒓
𝑑𝒓 
𝑉𝑒𝑒 =
1
2
∬
𝜌(𝒓1) − 𝜌(𝒓2)
|𝒓1 − 𝒓2|
 
Therefore the total energy can be written as 
𝑇𝑇𝐹(𝜌) = 𝐶𝐹 ∫[𝜌
5
2⁄ (𝒓)] 𝑑𝒓 + 𝑍 ∫
𝜌(𝒓)
𝒓
𝑑𝒓 +
1
2
∬
𝜌(𝒓1) − 𝜌(𝒓2)
|𝒓1 − 𝒓2|
 
30 
 
The resulting energy however suffers serious shortcoming due to completely 
ignoring the exchange correlation energies and therefore was not useful. 
2.3.5 The Hohenberg-Kohn Theorems 
Hohenberg and Kohn realized the potential behind Thomas-Fermi’s attempt to 
determine electronic energy in terms of electron density only.14 Due to this 
approximation the dimension of electronic Schrodinger equation will be reduced 3N 
to 3. The two proposed theorems are as follows: 
(1) The first theorem is the ground state electron density uniquely determines the 
external potential energy (Vext) when the energy is not confined to only the coulomb 
potentials of the nuclei. The proof is trivial for non-degenerate systems and can be 
obtained using variational principle. If there are two different external potentials V1 
and V2 generated by the same electron density 𝜌0, the corresponding Hamiltonians 
H1 and H2, wave functions ѱ1and ѱ2 and their ground state energies being E1 and 
E2 respectively (let’s say E1 < E2). Then the variational principle gives: 
𝐸1 < ⟨ѱ2|?̂?1|ѱ2⟩ = ⟨ѱ2|?̂?2|ѱ2⟩ − ⟨ѱ2|?̂?1 − ?̂?2|ѱ2⟩ 
𝐸1 < 𝐸2 − ⟨ѱ2|?̂?1 − ?̂?2|ѱ2⟩ 
This leads to the inequality; 
𝐸1 + 𝐸2 < 𝐸1 + 𝐸2 
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which is impractical and therefore the initial consideration of having two energy 
states with same electron density is not valid. Hence the ground state electron density 
uniquely determines the external potential energy that eventually determines the 
Hamiltonian.  
(2) The second theorem is similar to the variational principle. It states that the true 
ground state electron density should minimize the total energy of the system. This 
means that if there is a trial electron density ρ’ which defines a Hamiltonian H’ and 
a many body wave function ѱ’ then the trial energy [E(ρ’)] should be greater than or 
equal to the actual ground state energy E(𝜌0).  
⟨ѱ′|𝐻′|ѱ′⟩ = ∫ 𝜌′(𝒓)𝑉𝑒𝑥𝑡(𝒓)𝑑𝒓 + 𝐹𝐻𝐾(𝜌′) = 𝐸(𝜌′) ≥ 𝐸(𝜌0) 
The energy obtained from after a few iterations may get very close to the true ground 
state energy. The FHK term is a minimizing function. Although the HK theorems are 
very powerful, they do not offer a way of computing the ground state energy directly. 
About a year after proposing the theorems Kohn and Sham introduced a simple 
method to calculate DFT energies.   
2.3.6 The Kohn-Sham Equation 
The Kohn-Sham formulation16 is an exact approach since it considers the same 
ground state electron density as the real system which makes the computation more 
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affordable. If using variational principle, one has to minimize the energy and thereby 
obtain ground state values, then the function FHK needs to be evaluated, subject to 
the constrained that the total number of electrons being conserved. This means, 
considering the differentiability of EHK one can arrive at: 
𝛿{𝐸(𝜌) − 𝜇[𝜌(𝒓)𝑑𝒓 − 𝒏]} = 0 
Where n is the number of electrons and μ is the Lagrange multiplier.17 This leads to 
the Euler-Lagrange equation: 
𝜇 =
𝛿𝐸(𝜌)
𝛿𝜌(𝒓)
= 𝑉𝑒𝑥𝑡(𝒓) +
𝛿𝐹𝐻𝐾(𝜌)
𝛿𝜌(𝒓)
 
Kohn and Sham’s idea was to set up an equation where the kinetic energy can be 
determined exactly since that was a major problem in the original Thomas-Fermi 
approach. This was achieved by formulating a wave function (ѱKS) for a non-
interacting set of electrons, which can also be represented as determinant of single 
particle orbitals. 
ѱ𝐾𝑆 =
1
√𝑁!
det [ѱ1(𝑟1), ѱ2(𝑟2), ѱ3(𝑟3), … . , ѱ𝑛(𝑟𝑛)] 
The kinetic energy for the non-interacting system of electrons can be obtained 
exactly: 
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𝑇𝑆 = −
1
2
∑ ⟨ѱ𝐾𝑆|∇
2|ѱ𝐾𝑆⟩
𝒏
𝑖=1
 
The universal functional FHK can be expressed by combining three independent 
terms 
𝐹𝐻𝐾(𝜌) = 𝑇𝑆(𝜌) + 𝐽(𝜌) + 𝐸𝑋𝐶(𝜌) 
Where J(ρ) is the electrostatic interaction between the electrons and EXC (ρ) is the 
exchange-correlation energy which takes into account the interactive system of 
electrons which was hitherto unaccounted for. Then final Kohn-Sham energy can be 
written as: 
𝐸𝐾𝑆(𝜌) = 𝐹𝐻𝐾(𝜌) + 𝐸𝑒𝑥𝑡(𝜌) = 𝑇𝑆(𝜌) + 𝐽(𝜌) + 𝐸𝑋𝐶(𝜌) + 𝐸𝑒𝑥𝑡(𝜌) 
In order to minimize the KS energy for a system with electron density expressed by 
[ρ(r)] under the ortho-normality constraints of the KS orbitals: 
⟨ѱ𝑖|ѱ𝑗⟩ = 𝛿𝑖𝑗 
One will arrive at the famous Kohn-Sham equation: 
[−
1
2
∇2 + 𝑉𝑒𝑓𝑓(𝒓)] ѱ𝐾𝑆 = 𝐸𝐾𝑆ѱ𝐾𝑆 
Where, Veff is the effective potential which includes the classical Coulomb, 
exchange-correlation and the external [Vext(r)] potentials.  
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𝑉𝑒𝑓𝑓(𝒓) = ∫
𝜌(𝒓′)
|𝒓 − 𝒓′|
𝑑𝒓′ + 𝑉𝑋𝐶(𝒓) + 𝑉𝑒𝑥𝑡(𝒓) 
The subsequent electron density can be expressed as 
𝜌(𝒓) = ∑ 𝑓𝑖
𝑖
|ѱ𝐾𝑆|
2 
Where the  fi ‘s are the occupation number for the KS orbitals. Its value would be 1 
if the orbital is occupied and 0 if unoccupied. The VXC(r) is the density functional 
derivative of the exchange-correlation energy.   
𝑉𝑋𝐶(𝒓) =
𝛿𝐸𝑋𝐶
𝛿𝜌(𝒓)
 
DFT is in fact an artificial reference system and the KS orbitals can only be seen as 
an approximation to the real single particle wave functions. The introduction of KS 
orbitals helped to relate kinetic energy functional with respect to the electron density. 
This approach is very efficient and almost quantitative for systems, where the entire 
electron density resembles homogenous electron gas. However, for systems with 
localized electron densities this approximation can be very crude. In order to correct 
for this the unknown functional for the exchange-correlation energy (EXC) and the 
corresponding potential energy (VXC) needs to be approximated and thereby turns 
DFT into an approximation method.  
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2.3.7 The Exchange Correlation Functional (LDA and GGA) 
Being an approximation method the DFT results can be highly dependent upon the 
level of approximation used to calculate the exchange-correlation energy. The first 
such approximation was inspired from Thomas-Fermi model and called Local 
Density Approximation (LDA).18-21 According to LDA the EXC would be derived 
explicitly from homogeneous electron gas consideration. In particular, the non-local 
effects in a real electron gas are neglected and the EXC can be written as summation 
over a space where each point contributes towards the energy with the same value 
as given by a homogeneous electron gas of the same density. Therefore the EXC using 
the LDA approximation can be expressed as: 
𝐸𝑋𝐶
𝐿𝐷𝐴[𝜌(𝒓)] = ∫ 𝜌(𝒓)𝜖𝑋𝐶[𝜌(𝒓)]𝑑𝒓 
where, the term 𝜖𝑋𝐶[𝜌(𝒓)] represents the true energy density of the homogenous 
electron gas. The corresponding exchange-correlation potential will be given by: 
𝑉𝑋𝐶
𝐿𝐷𝐴(𝒓) = 𝜖𝑋𝐶[𝜌(𝒓)] + 𝜌(𝒓)
𝜕𝜖𝑋𝐶(𝜌)
𝜕𝜌
 
The exchange-correlation energy density 𝜖𝑋𝐶[𝜌(𝒓)] can be separated into two parts: 
the exchange part 𝜖𝑋[𝜌(𝒓)], which results from the Pauli’s principle and the 
correlation part 𝜖𝐶[𝜌(𝒓)]. The exchange part can be analytically derived to be:  
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𝜖𝑋[𝜌(𝒓)] = −
3
4
[
3𝜌(𝒓)
𝜋
]
1/3
 
However, no such exact analytical expression exists for 𝜖𝐶[𝜌(𝒓)]. Therefore 
expressions are generally obtained are discrete levels e.g. high energy,18,19 low 
energy.20,21 The intermediate level has been evaluated using higher level calculation 
results. The calculated values were then parameterized and used for practical 
applications. The most popular ones being Perdew-Wang (PW-LDA)22 and Vosko-
Wilk-Nusair (VWN-LDA),23 both generated satisfactory results. Even though LDA 
is based upon homogeneous electron gas approximation it has been successfully 
applied to many different systems partly because the contribution of the exchange-
correlation part to the overall energy is really small. However, in most cases LDA 
has consistently under estimated bond lengths and overestimated binding energies.  
Several improvements on LDA have been made and the most useful one is known 
as the Generalized Gradient Approximation (GGA).24 In GGA the exchange 
correlation functional has the following form: 
𝐸𝑋𝐶
𝐺𝐺𝐴[𝜌(𝒓)] = ∫ 𝜌(𝒓)𝜖𝑋𝐶
𝐺𝐺𝐴{𝜌(𝒓), ∇[𝜌(𝒓)]}𝑑𝒓 
GGA exchange-correlation energy density 𝜖𝑋𝐶
𝐺𝐺𝐴 has been derived from quantum 
Monte-Carlo (QMC) results of jellium.25 The approximation is still local but corrects 
for the gradient of electron density at a particular coordinate. Further corrections on 
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GGA corrections are known as meta-GGA26 which includes more terms in the 
expansion depending on the density, gradient of density and the second derivative 
of the density.  
The results obtained using the DFT formalism discussed so far is quite satisfactory 
as long as the system is closed shell. For open shell systems with at least one 
unpaired electron (e.g. transition metals or systems which contains them) one needs 
to consider unrestricted Kohn-Sham theory. DFT is an exact method and the energy 
obtained depends on the ground state electron density, which should also hold true 
for open shell systems as long as there is no spin-dependence in the Hamiltonian. 
However, the approximate functionals become more flexible while considering the 
individual spin densities [ρσ(r)], where σ represents the spin up (alpha) or spin down 
(beta). Therefore, in the unrestricted version of Kohn-Sham method, the up (ѱα) and 
down (ѱβ) spin orbitals have been introduced to represent spin-polarized systems. 
Hence the exchange-correlation potential becomes spin dependent: 
𝑉𝑋𝐶
𝜎 (𝒓) =
𝛿𝐸𝑋𝐶
𝛿𝜌𝜎(𝒓)
 
Both LDA and GGA exchange-correlation functionals can therefore be corrected as 
follows: 
𝐸𝑋𝐶
𝐿𝐷𝐴[𝜌𝛼(𝒓), 𝜌𝛽(𝒓)] = ∫ 𝜌(𝒓)𝜖𝑋𝐶(𝜌
𝛼 , 𝜌𝛽) 𝑑𝒓 
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𝐸𝑋𝐶
𝐿𝐷𝐴[𝜌𝛼(𝒓), 𝜌𝛽(𝒓)] = ∫ 𝜌(𝒓)𝜖𝑋𝐶(𝜌
𝛼 , 𝜌𝛽 , 𝜌𝛽𝜌𝛼 , ∇𝜌𝛼∇𝜌𝛽 , ∇𝜌𝛽∇𝜌𝛼) 𝑑𝒓 
The spin corrected LDA is also called Local-Spin-Density-Approximation or 
LSDA.27 
2.3.8 Relativistic Corrections and Spin-Orbit Coupling  
Since SCF iteration in DFT is very efficient it can be applied to very large systems 
with many electrons. This means systems involving heavy metal atoms and other 
large atoms can be treated within reasonable time frame. One therefore should take 
account of relativistic effects28 for the larger atoms. Within the relativistic DFT 
approximation, the nonrelativistic radial wave functions should be replaced by a four 
component Dirac spinor: 
ѱ(𝐫) =
1
𝑟
[
𝐺(𝒓) 𝜒𝜅𝑚(?̂?)
𝑖𝐹(𝒓) 𝜒−𝜅𝑚(?̂?)
] 
where, G(r) and F(r) are major and minor components of radial Dirac wave functions 
respectively. 𝜒𝜅𝑚(?̂?) is an ls coupled spherical spinor. Substituting the new wave 
function in the nonrelativistic single electron Kohn-Sham equation one will obtain: 
𝑑𝐹𝑖(𝒓)
𝑑𝒓
−
𝜅
𝜏
𝐹𝑖(𝒓) = 𝛼[𝑉(𝒓) − 𝜖𝑖]𝐺𝑖(𝒓) 
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𝑑𝐺𝑖(𝒓)
𝑑𝒓
+
𝜅
𝜏
𝐺𝑖(𝒓) = 𝛼 [
2
𝛼2
+ 𝜖𝑖 − 𝑉(𝒓)] 𝐺𝑖(𝒓) 
Here 𝜖 is the total relativistic energy and given by 𝜖 = 𝐸 − 𝑚𝑐2. Each electron 
possess spin and orbital angular momentum which then couples to generate two 
possible values 𝑗 = (𝑙 + 1 ⁄ 2) & (𝑙 − 1 ⁄ 2), which would generate different wave 
functions and energies. A non-zero integer κ helps determine the whether the overall 
spin is antiparallel or parallel to the total angular momentum.  
κ = {
𝑙 𝑗 = 𝑙 −
1
2
, 𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
−(𝑙 + 1) 𝑗 = 𝑙 +
1
2
, 𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
} 
The total electron density is given by: 
𝜌(𝒓) = ∑ 𝑤𝑖ѱ𝑖
𝛼(𝒓)ѱ𝑖
𝛽
(𝒓)
𝑖
= ∑ 𝑤𝑖[|𝐺𝑖(𝒓)|
2 + |𝐹𝑖(𝒓)|
2]
𝑖
 
Where, 𝑤𝑖 denotes the occupation numbers. The original single electron potential 
energy containing electron-nuclei attraction, electron-electron repulsion and 
exchange-correlation interaction, would be given as: 
𝑉(𝒓) = −
𝑍
𝒓
+ ∫
𝜌(𝒓′)
|𝒓 − 𝒓′|
𝑑𝒓′ + 𝑉𝑋𝐶[𝜌(𝒓)] 
The nonrelativistic exchange-correlation energy 𝑉𝑋𝐶[𝜌(𝒓)] can be modified for 
relativistic effects. According to MacDonald and Vosko’s29 proposal the exchange 
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energy per electron (𝜀𝑋) and the potential energy (𝑉𝑋) can be multiplied by density 
dependent correction factors 𝑓𝜀𝑋 and 𝑓𝑉𝑋 respectively.  
𝑓𝜀𝑋 = 1 −
3
2
[
(1 − 𝛽2)1/2
𝛽
−
ln [𝛽 + (1 + 𝛽2)1/2]
𝛽2
]
2
 
𝑓𝑉𝑋 = −
1
2
+
3
2
𝑙𝑛[𝛽 + (1 + 𝛽2)
1
2]
(1 + 𝛽2)1/2
 
Here 𝛽 is the dimensionless relativistic expansion parameter 𝛽 = 1/(71.4𝑟𝑠) and 𝑟𝑠 
is the radius of unit electron charge; 𝑟𝑠 = (3/4𝜋𝜌)
1/3. The coupled Dirac equations 
can be written in the matrix form: 
[
𝑉(𝒓) 𝑐 {
κ
r
−
d
d𝐫
}
𝑐 {
κ
𝐫
+
d
d𝐫
} 𝑉(𝒓) − 2𝑚𝑐2
] [
𝐺(𝒓)
𝐹(𝒓)
] = 𝜖 [
𝐺(𝒓)
𝐹(𝒓)
] 
After evaluating 𝐺(𝒓)and 𝐹(𝒓) from the above equation the new electron density 
𝜌(𝒓) can be determined.  The total ground state energy can be evaluated using the 
following formula: 
𝐸𝐺 = ∑ 𝑤𝑖𝜖𝑖 −
1
2
∬
𝜌(𝒓)𝜌(𝒓′)
|𝒓 − 𝒓′|
𝑖
𝑑𝒓𝑑𝒓′ + ∫ 𝜌(𝒓)[𝜖𝑋𝐶(𝜌) − 𝑉𝑋𝐶(𝜌)]𝑑𝒓 
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2.3.9 Time Dependent (TD) DFT 
Conceptually, TD-DFT is basically an extension to the DFT to calculate excited state 
properties e.g. excitation energy, photo-absorption spectra and some frequency 
dependent response properties. The main consideration in TD-DFT is that the time-
dependent wave function is equivalent with the time dependent electron density of 
the many body system. The formulation of time dependent Hohenberg-Kohn 
theorem was first proposed by Runge and Gross.30 In the RG approach the 
Hamiltonian takes the following form: 
?̂? = ?̂? + ?̂?𝑒𝑥𝑡(𝑡) + ?̂?𝑒𝑒 
Where ?̂? and ?̂?𝑒𝑒 are the kinetic energy and electron-electron interaction operators 
respectively. The external potential energy ?̂?𝑒𝑥𝑡 is time dependent and therefore 
defines the electron densities of the system. The time dependent Schrodinger 
equation needs to be solved to obtain the final energy for a given electron 
distribution.  In order to obtain accurate results with RG theorem one should expand 
the external potential ?̂?𝑒𝑥𝑡 as a Taylor series of time function and employing a 
continuity function to show the time dependent densities are correspond to variable 
electron densities.  
TD-DFT can be successfully employed to describe the accurate photoelectron 
spectrum of a system, since ejection of single electron from a system using photonic 
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energy results in the excitation at the charged state. The theoretical considerations 
for predicting photoelectron spectrum will be introduced later in this chapter in 
section 2.3.11. In the current work anionic photoelectron spectra have been used 
extensively and an implementation of spin-orbit corrections with TD-DFT would be 
perfect for predicting simulated spectra. The unavailability of such method in the 
current ab-initio packages limited the current simulations at the SO-DFT level.   
2.3.10 Basis sets 
Basis sets31 are essential for electronic structure calculation in order to represent the 
orbitals in simple functional forms. Two popular ways to describe atomic orbitals 
are (1) Slater or Gaussian type functions (localized basis set) and (2) plane wave 
basis sets.   
2.3.10.1 Gaussian Type Basis Sets 
The molecular orbitals are expressed using summation of one electron functions: 
𝜑𝑖 = ∑ 𝑐𝜇𝑖𝜒𝜇
𝑁
𝜇=1
 
The coefficients 𝑐𝜇𝑖 are known as orbital expansion coefficients and 𝜒𝜇 are single 
electron Gaussian type function. The general form of Gaussian type function can be 
represented as: 
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𝐺𝑖𝑗𝑘 = 𝑁𝑥
𝑖𝑦𝑗𝑧𝑘𝑒−𝛼𝑟
2
 
Here, i, j, k are positive integers and their sum is zero and one for the s-type and p-
type Gaussian functions respectively. α is the positive orbital exponent. 
2.3.10.2 Plane Wave Basis Sets 
The plane wave basis functions are represented as follows: 
𝜑𝑘(𝑟) = ∅(𝑟)𝑒
𝑖𝑘𝑟 
The ∅(𝑟) is the periodic part of the wave function and ortho-normalized: 
∅(𝑟) = ∑ 𝑐𝐺𝑛𝑒
𝑖𝐺𝑛𝑟
𝐺𝑛
 
Here Gn=2πn/a; where a is the lattice constant. The plane wave expansion of KS 
orbitals is the simplistic approach to obtain the total energy of a system.   
2.3.11 Photoelectron Spectroscopy 
Photoelectron spectroscopy is primarily based on the famous photoelectric effect. 
When light of certain wavelength in incident on a substance, electrons can be ejected 
and by measuring the kinetic energies (K.E.) of those the binding energies (B.E.) of 
each electron in the system can be estimated. According to Einstein’s theory the 
kinetic energy of the emitted electron are related to the incident photon energy by 
the following equation:  
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𝐾. 𝐸. = ℎ𝜗 − 𝐵. 𝐸. 
For the charged atomic clusters in the gas phase, photoelectron spectroscopy is 
extremely convenient and therefore reliable theoretical predictions are necessary. 
Most experiments described in this dissertation will use anion photoelectron 
spectroscopy and therefore single electron binding energies of the negative charge 
state of the cluster should be studied using theoretical methods. Within the 
approximation of vertical excitations (from anion to neutral state) the Koopmans’s 
theorem32 enables us to directly relate the electron B.E.s and the respective orbital 
energies. Therefore, the optimized energy of the anion and single point energy of the 
neutral at anion geometry has to be determined and the difference is called the 
Vertical Detachment Energy (VDE). This is often the first peak in the experimental 
spectrum. The deeper orbital energies are then added to the VDE to represent the 
actual Density of States (DOS).  
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Chapter 3 
Composition-dependent structure evolution of of Gold-Aluminum Alloy 
Clusters AuxAly− (x+y =7,8) 
 
 
3.1 Introduction 
 
The study of metal clusters has been an active area of research as metal clusters can 
possess properties dramatically different from the bulk counterpart on one hand and 
the atomic states on the other. The size- and structure-dependent properties of the 
pure metal clusters render them attractive models for catalysis, sensors, as well as a 
fertile ground for developing new nanomaterials. Furthermore, the properties of 
metal clusters can be extended by adding more components of metal elements. The 
additional degrees of freedom in stoichiometry can offer increased versatility in 
tuning properties of alloy clusters. However, the added degrees of freedom also pose 
greater challenges in determining the composition-dependent global minima, both 
experimentally and theoretically. Importantly, alloy clusters are expected to have 
structures and properties different from those of the constituent elemental clusters, 
as well as those of the bulk alloys. Among metal clusters reported in the literature, 
both gold and aluminum clusters have received considerable attention. Previous 
studies have established that small-sized gold cluster anions exhibit two-dimensional 
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(2D) structures until Au11
−, and that there exists the 2D-3D structural transition at 
Au12
−.1 On the other hand, for pure aluminum cluster anions, 2D structures are 
favored until Al5
−, beyond which 3D structures arise.2 Several bare gold or bare 
aluminum cluster anions are shown to exhibit highly symmetric structures, such as 
the Au16
− golden cage and the tetrahedral Au20
− pyramid, as well as the icosahedral 
Al13
−.2-6 The structures and properties of the small-sized clusters can vary drastically 
even if only a single atom is replaced by a different metal atom.  
Here, our joint experimental/theoretical study is focused on the bimetallic 
clusters consisting of Au and Al. The low cost and high abundance of aluminum 
render it a viable dopant in making novel Au-Al alloy nanoclusters. Several 
experimental studies have been previously reported on the Au-Al alloy clusters. Two 
mass-spectrometry studies demonstrated the electronic-shell effects in AuAl cation 
clusters.7,8 The first photoelectron spectroscopy (PES) study of Au-Al alloy clusters 
indicates that AuAl6
− can be viewed as building upon the Oh-Al6
2− structure with the 
Au+ coordinated to one face of Al6
2-9 Another theoretical study suggests that Au5Al 
prefers 3D structure.10 Later, a joint experimental/theoretical work shows that 
AuAl6
− is exceptionally stable with a 20-electron closed shell and thus can resist the 
etching of oxygen.11 A combined PES and density functional theory (DFT) study of 
AuAl12
− shows that the Au atom tends to stay in the center of a distorted Al12
− cage.12 
A theoretical study of the AuAl7 cluster suggests that it possesses a large gap 
49 
 
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO).13 Several DFT studies explored the structural and 
electronic properties of gold clusters doped with one and two aluminum atoms, 
suggesting that the Al dopants can dramatically change the structures of the host 
gold clusters.14-16 Recently, a DFT study of AuAln (n = 1−15) clusters indicated that 
the Au atom tends to occupy a peripheral position in these clusters.17 Very recently, 
a combined high-resolution PES and DFT study demonstrate that both Au2Al2
− and 
Au2Al2 possess C2V tetrahedral structures.
18  
In this chapter, we report a joint PES and theoretical investigation of the 
structures of a series of gold-aluminum alloy cluster anions, namely, AuxAly
− (x+y = 
7,8; x = 1–3; y = 4−7), over a range of compositions. Note that several aluminum-
doped or mixed gold clusters have been studied previously.19-29 To our knowledge, 
however, this is the first systematic experimental/theoretical investigation of the 
global minimum structures of Au-Al alloy clusters with changing size and 
composition.    
3.2 Methodology 
3.2.1 Experimental Methods. The experiment was carried out using a magnetic-
bottle PES apparatus equipped with a laser vaporization cluster source, details of 
which have been published elsewhere.30 Briefly, the gold-aluminum anions were 
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produced by laser vaporization of an Al/Au mixed target with a helium carrier gas 
seeded with 5% argon. The anions of interest were each mass-selected and 
decelerated before being photodetached by a pulsed laser beam. Photoelectrons were 
collected at nearly 100% efficiency by a magnetic bottle and analyzed in a 3.5 m 
long electron flight tube. The photodetachment experiment was conducted at three 
detachment photon energies: 355 nm (3.496 eV) and 266 nm (4.661 eV) from a 
Nd:YAG laser, and 193 nm (6.424 eV) from an ArF excimer laser. Photoelectron 
spectra were calibrated by using the known spectra of Au− and Bi−, and the energy 
resolution of the apparatus was ∆Ek/Ek ≈ 2.5%, that is, approximately 25 meV for 1 
eV electrons.  
3.2.2 Theoretical Methods. The Basin-hopping (BH) global optimization method in 
conjugation with DFT calculations was used for the search of global minimum 
structures of the gold-aluminum alloy species. During the BH search, after each 
accepted move the resulting local minimum geometry was further optimized using 
generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof 
(PBE) exchange correlation functional31, implemented in Dmol3 4.0 program.32,33 
The top 20 low-lying isomers thus obtained from the BH global optimization were 
considered as candidates for the lowest-energy structure. These candidates were 
further re-optimized using meta-GGA M06 functional34 with the aug-cc-pVDZ basis 
set35, implemented in the G09 package.36 During the re-optimization, some of the 
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structures converged to the same geometry. This reduced the number of isomers to 
6-15 for each cluster. Next, single-point energy calculations of the optimized 
geometries were performed using PBE0 functional37 (with aug-cc-pVTZ basis for 
aluminum and CRENBL-ECP for gold) implemented in NWCHEM 6.3 package,38 
with inclusion of the spin-orbit (SO) effects for the gold. Theoretical adiabatic 
detachment energy (ADE) for each isomer was calculated as the energy difference 
between  the ground state of the anion and that of the neutral. Theoretical vertical 
detachment energies (VDEs) were calculated using time-independent DFT method. 
The first VDE was calculated as the energy difference between the neutral and anion 
at the optimized anion geometry. The higher VDEs were approximated by adding 
vertical excitation energies to the first VDE. Each VDE was fitted with a 0.035eV 
eV Gaussian width to yield the simulated PES spectrum. The simulated spectra were 
then compared with the experimental spectra to identify the lowest-energy 
structures. In addition, the CCSD(T)39 (coupled-cluster method including singles, 
doubles and noniterative perturbative triple) with cc-pVTZ basis set,40 implemented 
in the G09 package, were also performed to ascertain the best isomer in cases where 
more than one candidate closely matched the experimental spectrum. 
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3.3.1 Experimental Results. The photoelectron spectra of AuxAly
− (x+y = 7,8; x = 
1–3; y = 4−7) are shown in Figure 3.1 at three detachment photon energies: 355 nm 
(3.496 eV), 266 nm (4.661 eV), and 193 nm (6.424 eV). The observed detachment 
transitions are labeled by letters: X, A, B, C, etc. Weak features labeled as X’ and 
A’ in some spectra indicate contributions from minor isomers. The vertical 
detachment energies (VDEs) for the observed features are listed in Tables A1.1-A1.6 
of Appendix 1. In each spectrum, the X band stands for the transition from the 
ground state of the anion to that of the neutral. The A, B, … bands denote the 
transitions to the excited states of the neutral species. 
AuAl6
−. The spectra of AuAl6
− have been reported before9 and they are included 
here for completeness and comparison. The data presented in Figure 3.2 were 
retaken for this study along with the other AuxAly
− species. The new data are similar 
to those published previously. The AuAl6
− cluster was the only cluster that we were 
able to resolve vibrational structures (Figure 3.1a). All the VDEs given in Table 
A1.1 are also similar to those reported previously. It should be noted that the band 
D, which overlaps with band C, was labeled as C' in the early report.9 
Au2Al5
−.  The 355 nm spectrum of Au2Al5
− (Figure 3.1d) reveals two prominent 
and closely-spaced bands (X, A) and two weak bands (X', A'). The VDEs of band X 
and band A are observed at 2.71 eV and 2.80 eV, respectively. A broad tail (X') is 
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shown on the lower binding energy side of the ground-state detachment band X, and 
it likely stems from a low-lying isomer or vibrational hot bands. A weak, broad 
feature A' is observed at the higher binding energy side. As shown in the spectra of 
AuAl6
−, the clusters under our experimental conditions are quite cold so that hot 
bands can be excluded. The weak X' and A' features are most likely due to a low-
lying isomer. At 266 nm (Figure 3.1e), three more bands, B, C and D, are resolved. 
At 193 nm (Figure 3.1f), no more resolved features are observed, except weak 
continuous signals on the high binding energy side. The spectra of Au2Al5
− suggest 
that they are from a major isomer with minor contributions from a low-lying isomer. 
All the observed VDEs for Au2Al5
− are given in TableA1.2.  
  
 
54 
 
 
Figure 3.1  Experimental photoelectron spectra of AuxAly− (x+y = 7,8; x = 1–3; y = 4−7) at three 
photon energies. The vertical lines in the inset in (a) represent resolved vibrational structures.  
Au3Al4
−.  The 355 nm spectrum (Figure 3.1g) of Au3Al4
− reveals a very sharp and 
intense ground state peak X, well separated from a broader band A. In addition, a 
weak shoulder appears on the higher binding energy side of the major X and A bands 
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(X', A'). The 266 nm spectrum (Figure 3.1h) of Au3Al4
− reveals numerous closely-
spaced PES bands (B-E) at the higher binding energy region. The 193 nm spectrum 
(Figure 3.1i) displays even more complicated spectral features at higher binding 
energies. Peaks E, F, and G can be tentatively identified. Beyond band G, the 193 
nm spectrum exhibits almost continuous signals with poor signal-to-noise ratios. The 
four weak bands (X', A', E, and F) may come from a low-lying isomer or a two-
electron process.30 Since the relative intensities of bands X' and A' show no photon 
energy dependence, they are likely from a low-lying isomer. The spectra of Au3Al4
− 
suggest that they consist of a major isomer and a weakly populated isomer, similar 
to the case of Au2Al5
−. All the measured VDEs of Au3Al4
− are given in Table A1.3.  
AuAl7
−.  The 355 nm spectrum (Figure 3.1j) of AuAl7
− displays four intense and 
not well-separated PES bands (X, A-C), where the band C seems to be cut due to the 
low photon energy. In the 266 nm spectrum (Figure 3.1k), a more intense band D is 
observed, which overlaps with band C with a weak shoulder E on the higher binding 
energy side of band D. Highly congested spectral features are observed in the high 
binding energy side in Figure 1k and continues in the 193 nm spectrum (Figure 3.1l), 
with tentatively labeled bands, F to I. It should be noted that the relative intensities 
of a number of PES bands for AuAl7
− show strong photon energy dependence. The 
complex spectral features may also suggest possible presence of a minor low-lying 
isomer. All the obtained VDEs for AuAl7
− are given in Table A1.4.  
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Au2Al6
−.  The 355 nm spectrum (Figure 3.1m) of Au2Al6
− shows a relatively broad 
and weak ground-state band (X), followed by three very sharp and overlapping 
bands (A-C). The separation between the X and A bands indicates a HOMO-LUMO 
gap of 0.51 eV for neutral Au2Al6. The 266 nm spectrum (Figure 3.1n) of Au2Al6
− 
reveals four more congested bands (D-G) with relatively poor signal-to-noise ratios. 
In the 193 nm spectrum (Figure 3.1o), no more major PES bands are observed 
beyond band G, while a weak band H can be identified tentatively. The relative 
intensity of band X of Au2Al6
− also displays interesting photon-energy dependence. 
All the experimental VDEs of Au2Al6
− are given in Table A1.5.  
Au3Al5
−.  The 355 nm spectrum (Figure 3.1p) of Au3Al5
− shows three sharp bands 
(X, A and B), followed by weak continuous signals at the high binding energy 
region. These weak signals seem consisting of three resolved peaks in the 266 nm 
spectrum (Figure 3.1q, not labeled), which reveal highly congested PES bands (C to 
G) at the higher binding energy side, following a large energy gap of ~0.8 eV from 
band B. The 193 nm spectrum (Figure 3.1r) shows no more well-resolved bands, 
except nearly continuous signals with poor signal-to-noise ratios. The weak features 
in the gap of bands B and C are likely due to either minor isomer contributions or 
two-electron processes.30 All the measured VDEs for the main PES bands of Au3Al5
− 
are given in Table A1.6.  
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3.3.2 Comparison of the electronic properties of AuxAly−.  Table 3.1 lists the 
measured first VDEs, ADEs, number of valence electrons (1 for Au and 3 for Al) in 
the AuxAly
− anions, and the gap between bands X and A, which represents the energy 
difference between the top two highest occupied molecular orbitals (H1-H2 Gap) for 
each cluster. AuAl6
− and Au2Al5
− exhibit higher ADEs, probably because both 
clusters have closed-shell electron configurations (magic numbers) according to the 
Jellium model. We see that in case of the seven-atom clusters, the VDEs decrease 
from AuAl6
− to Au3Al4
−. In case of the eight-atom clusters, the VDEs increase from 
AuAl7
− to Au3Al5
−.  
Table 3.1 Experimental VDEs, ADEs, number of valence electrons (N), the gap between peak X 
and A (H1-H2 Gap) for AuxAly− (x+y = 7,8; x = 1–3; y = 4−7). All energies are in eV. 
 VDE a ADE a N H1-H2 Gap 
AuAl
6
− 2.83(3) 2.83(3) 20 0.13 
Au2Al5
− 2.71(3) 2.65(3) 18 0.09 
Au3Al4
− 2.28(4) 2.24(4) 16 0.71 
AuAl
7
− 2.30(4) 2.19(4) 23 0.18 
Au2Al6
− 2.41(4) 2.25(4) 21 0.51 
Au3Al5
− 2.53(3) 2.51(3) 19 0.16 
a Numbers in the parentheses represent uncertainties in the last digit. 
 
3.3.3 Theoretical Results and Comparison with the Experiment.  The global 
minima of all the binary clusters were thoroughly searched (see Methods Section). 
The simulated PES spectra (based on the M06/aug-cc-pVDZ level of theory) of the 
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two or three lowest-lying isomers are compared with the experimental spectra for 
each cluster in Figure 3.2. The simulated spectra were obtained by fitting the 
computed VDEs with a unit area Gaussian function of 0.035 eV width. Other low-
lying isomers and their simulated spectra can be found in Figures AI-AVI. The 
relative energies of all the low-lying isomers and their computed first VDEs are 
shown in Tables 3.2-3.7, for the six AuxAly
− clusters, respectively. 
AuAl6
−.  The simulated spectra of the top-two lowest-lying isomers (I and II) of 
AuAl6
− are compared with the experimental spectrum in Figure 3.2 (the top left 
panel). While isomers I and II are close in energy, the other isomers are too high in 
relative energy (Table 3.2) and they can be all excluded. It should be mentioned that 
the global minimum structure (isomer I) is in agreement with the previous 
studies.9,11,17 Even though the computed first VDE and ADE of isomers I and II 
compare well with experimental data, the overall simulated spectrum of the global 
minimum isomer I is clearly in best agreement with the experimental spectrum. 
Isomer II can also be ruled out on the basis of its relatively high energy, 0.154 eV 
higher than isomer I at the CCSD(T)/cc-pVTZ  level of theory. The H1-H2 gap of 
isomer I is also much closer to the experimental value than that of isomer II. All the 
computed VDEs of isomer I are slightly lower than the corresponding experimental 
values, probably due to the use of the mixed basis for computing the single-point 
energy at the PBE0/(Al/aug-cc-pVTZ, Au/CRENBL-ECP) level. The overall good 
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agreement between the experiment and theory for AuAl6
− lends good confidence for 
the selected levels of theory used for other more complicated AuxAly
− species in the 
current study.  
 
Figure 3.2 Comparison of the simulated spectra for the top 2-3 low-lying isomers of AuxAly− with 
the 193 nm experimental spectra.  Atom color code: Au (gold color) and Al (grey color). 
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Table 3.2  Theoretical VDEs, H1-H2 gap, and relative energies (∆E) of the top six isomers of 
AuAl6
−. Relative energies are computed at M06/aug-cc-pVDZ, M06/aug-cc-pVDZ//PBE0/mixed 
basisa and M06/aug-cc-pVDZ//CCSD(T)/cc-pVTZ levels of theory (with all isomers being 
optimized at the M06/aug-cc-pVDZ level) .  All energies are in eV. 
AuAl6
− ∆E  
(M06/aug-
cc-pVDZ) 
∆E 
(PBE0/Mixed 
Basisa) 
∆E 
(CCSD(T)/cc-
pVTZ) 
VDE 
(Theoretical) 
ADE 
(Theoretical) 
H1-H2 
Gapb 
I 0 0 0 2.722 2.636 0.078 
II 0.223 0.159 0.154 2.693 2.674 0.263 
III 1.229 1.415 - 2.362 2.262 0.270 
IV 1.231 1.471 - 2.355 - 0.305 
V 1.324 1.506 - 2.432 - 0.138 
VI 1.410 1.643 - 2.465 - 0.318 
aCRENBL-ECP for Au and aug-cc-pVTZ for Al. bH1-H2 Gap = the gap between peak X and A.  
 
Au2Al5
−.  The second panel of Figure 3.2 compares the simulated spectra of the 
top-two low-lying isomers of Au2Al5
− with the experimental spectrum. At all three 
levels of theory, i.e., M06/aug-cc-pVDZ optimization, PBE0/(Al/aug-cc-pVTZ, 
Au/CRENBL-ECP) optimization, and CCSD(T)/cc-pVTZ single-point energy based 
on M06 optimized structure (Table 3.3), isomer I is the global minimum, whereas 
isomer II is only 0.154 eV higher at the CCSD(T) level. However, the simulated 
spectra of both isomers are surprisingly similar to each other, and both are in good 
agreement with the experimental spectrum. Clearly, both isomers must be populated 
experimentally. Since isomer II yielded a lower first VDE, it is more reasonable to 
assign it to be responsible for the weak X’ and A’ signals. This conclusion is also 
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consistent with its relatively high energy with respect to the global minimum isomer 
I. Even though they give similar simulated PES spectra, isomers I and II represent 
different structural motifs. Isomer I retains the capped octahedron motif observed in 
the parent AuAl6
− and Al7
− structures,9,41 whereas isomer II possesses a low-
symmetry Cs open cage-like structure that has never been observed in either pure Al 
or Au clusters in such small-sized ranges.  
Table 3.3 Theoretical VDEs, H1-H2 gap, and relative energies (∆E) of the top ten isomers of 
Au2Al5−. Relative energies are calculated at M06/aug-cc-pVDZ, M06/aug-cc-pVDZ//PBE0/Mixed 
Basisa and M06/aug-cc-pVDZ//CCSD(T)/cc-pVTZ levels.  All energies are in eV.  
Au2Al5
− ∆E 
(M06/aug-
cc-pVDZ) 
∆E 
(PBE0/Mixed 
Basisa) 
∆E 
(CCSD(T)/cc-
pVTZ) 
VDE 
(Theoretical) 
ADE 
(Theoretical) 
H1-
H2 
Gapb 
I 0 0 
 
0 2.542 2.413 0.084 
II 0.167 0.184 0.154 2.477 2.275 0.139 
III 0.178 0.276 0.283 2.523 2.289 0.132 
IV 0.215 0.409 - 3.381 
 
- 0.156 
V 0.284 0.321 - 2.263 - 0.279 
VI 0.296 0.248 - 2.369 - 0.542 
VII 0.300 0.312 - 2.314 - 0.095 
VIII 0.306 0.495 - 2.531 - 0.321 
IX 0.324 0.594 - 2.591 - 0.183 
X 0.385 0.474 - 2.733 - 0.554 
a CRENBL-ECP for Au and aug-cc-pVTZ for Al. bH1-H2 gap = the gap (in eV) between peak X 
and A. 
 
Au3Al4
−.  The CCSD(T)/cc-pVTZ relative energies (Table 3.4) show that isomers 
I, II, III and IV are nearly degenerate and are competing for the global minimum, 
while isomer (VI) is 0.134 eV higher in energy than isomer I. Isomer I gives an H1-
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H2 gap of 0.729 eV, very close to the experimental value of 0.71 eV. The presence 
of features like X, A, B, D and G and the lowest  M06/aug-cc-pVDZ, PBE0/(Al/aug-
cc-pVTZ, Au/CRENBL-ECP) and  CCSD(T)/cc-pVTZ  relative energies make 
isomer I a good choice for the major contributor towards the experimental spectra. 
Isomers II, III and IV can be excluded as their H1-H2 gaps are larger than the 
experimental value and peak X in their respective simulated spectra shows no tail. 
Similar to the case of Au2Al5
-, where isomer II’s energy is 0.154 eV higher than 
isomer I at CCSD(T) level and it turns out to be a minor contributor, the isomer VI 
of Au3Al4
- is higher in energy than isomer II by 0.134 eV at the CCSD(T) level but 
the simulated spectrum of isomer VI can well reproduce the bands X’ and A’, 
thereby suggesting that isomer VI might be a minor contributor to the observed 
spectrum. The peaks C, E, F and G seem to be missing in case of both isomers I and 
VI, indicating the contribution from more isomers or multi-electron process. Overall, 
isomer I is the global minimum structure and isomer VI is a minor isomer for the 
observed spectrum.  
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Table 3.4 Theoretical VDEs (in eV), H1-H2 Gap (in eV) and Relative Energies ∆E (in eV)  of the 
isomers of Au3Al4−. Relative energies are calculated at M06/aug-cc-pVDZ, M06/aug-cc-
pVDZ//PBE0/Mixed Basisa and M06/aug-cc-pVDZ//CCSD(T)/cc-pVTZ.  
Au3Al4
− 
∆E 
(M06/aug
-cc-
pVDZ) 
∆E 
(PBE0/Mixe
d Basisa) 
∆E 
(CCSD(T)/cc
-pVTZ) 
VDE 
(Theoretical
) 
ADE 
(Theoretical
) 
H1-
H2 
Gapb 
I 0 0 0 2.167 2.073 0.72
9 II 0.073 0.166 0.067 2.107 - 1.17
8 III 0.114 0.165 0.007 1.968 1.908 1.311 
IV 0.135 0.028 0.004 2.160 - 1.00
8 V 0.151 0.190 - 2.055 - 1.18
6 VI 0.177 0.115 0.134 2.281 - 0.87
6 VII 0.203 0.377 - 2.218 - 0.86
4 VIII 0.220 0.277 - 2.091 - 1.09
1 IX 0.345 0.318 - 2.099 - 1.15
3 X 0.416 0.445 - 1.920 - 1.28
7 XI 0.463 0.392 - 3.094 - 0.36
8 
a CRENBL-ECP for Au and aug-cc-pVTZ for Al. bH1-H2 gap = the gap (in eV) between peak X 
and A. 
 
AuAl7
−.  The CCSD(T)/cc-pVTZ relative energies (Table 3.5) show that isomer I 
of AuAl7
− is the global minimum, while the relative energies of isomers II and IV 
are only slightly higher than that of isomer I. The simulated PES spectra of isomers 
I, II, and IV are compared with the experiment in the fourth panel of Figure 3.2.  The 
simulated spectra of both isomers II and IV are similar and both are in good 
agreement with the experimental spectra. The simulated spectrum of isomer I also 
displays features similar to the experimental spectrum, which was complicated with 
hints of multiple isomers. Hence, we cannot definitely conclude either isomer II or 
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IV is the global minimum due to their close energies at the current levels of theory. 
Isomer IV has been reported as the global minimum of AuAl7
− in a previous DFT 
study.17 
Table 3.5 Theoretical VDEs (in eV), H1-H2 Gap (in eV) and Relative Energies ∆E (in eV)  of the  
isomers of AuAl7−. Relative energies are calculated at M06/aug-cc-pVDZ, M06/aug-cc-
pVDZ//PBE0/Mixed Basisa and M06/aug-cc-pVDZ//CCSD(T)/cc-pVTZ. 
AuAl7
− ∆E  
(M06/aug-
cc-pVDZ) 
∆E 
(PBE0/Mixed 
Basisa) 
∆E 
(CCSD(T)/cc-
pVTZ) 
VDE 
(Theoretical) 
ADE 
(Theoretical) 
H1-
H2 
Gapb 
I 0 0 0 
 
2.434 2.175 0.556 
II 0.054 0.006 0.049 2.361 2.206 0.085 
III 0.072 0.113 0.128 2.721 - 0.130 
IV 0.073 0.270 0.011 2.322 2.104 0.235 
V 0.155 0.074 - 2.412 - 0.096 
VI 0.210 0.056 - 2.490 - 0.278 
VII 0.233 0.219 - 2.314 - 0.334 
VIII 0.399 0.463 - 2.344 - 0.272 
IX 1.008 1.043 - 2.401 - 0.231 
X 1.023 1.034 - 2.648 - 0.040 
XI 1.083 1.197 - 2.654 - 0.056 
XII 1.207 1.181 - 2.606 - 0.066 
XIII 1.214 1.249 - 2.647 - 0.026 
XIV 1.291 1.306 - 2.445 - 0.062 
XV 1.338 1.248 - 2.380 - 0.127 
a CRENBL-ECP for Au and aug-cc-pVTZ for Al. bH1-H2 gap = the gap (in eV) between peak X 
and A. 
 
Au2Al6
−.  In the case of Au2Al6
−, both isomers I and III give similar simulated 
spectra (Figure 3.2), which are in good agreement with the experimental spectrum. 
The M06/aug-cc-pVDZ and CCSD(T)/cc-pVTZ relative energies of isomer I are 
lower than that of isomers II and III. The PBE0/(Al/aug-cc-pVTZ, Au/CRENBL-
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ECP) relative energies (see Table 3.6) of all three isomers are almost degenerate, 
with isomer II being slightly more stable. Based on the comparison between the 
simulated and experimental PES spectrum and the relative energy data, isomer I can 
be considered as the best candidate in this case. Isomer II can be ruled out as the H1-
H2 gap is much smaller than the corresponding experimental gap. As isomer III has 
a 0.151 eV CCSD(T)/cc-pVTZ relative energy, it can be considered only as a minor 
isomer in this case.  
Table 3.6 Theoretical VDEs (in eV), H1-H2 Gap (in eV) and Relative Energies ∆E (in eV) of the 
isomers of Au2Al6−. Relative energies are calculated at M06/aug-cc-pVDZ, M06/aug-cc-
pVDZ//PBE0/Mixed Basisa and M06/aug-cc-pVDZ//CCSD(T)/cc-pVTZ. 
Au2Al6
− ∆E 
(M06/aug-
cc-pVDZ) 
∆E 
(PBE0/Mixed 
Basisa) 
∆E 
(CCSD(T)/cc-
pVTZ) 
VDE 
(Theoretical) 
ADE 
(Theoretical) 
H1-
H2 
Gapb 
I 0 0.024 0 2.201 1.884 0.730 
II 0.104 0 0.003 2.475 2.048 0.300 
III 0.137 0.095 0.151 2.195 1.872 0.732 
IV 0.154 0.131 - 2.556 - 0.340 
V 0.475 0.493 - 2.459 - 0.188 
VI 0.584 0.660 - 2.391 - 0.483 
VII 0.595 0.741 - 2.755 - 0.199 
a CRENBL-ECP for Au and aug-cc-pVTZ for Al. bH1-H2 gap = the gap (in eV) between peak X 
and A. 
Au3Al5
−.  For Au3Al5
−, the top-three low-lying isomers are almost degenerate at 
both DFT and CCSD(T) (Table 3.7) levels of theory. As seen in the sixth panel of 
Figure 3.2, the simulated spectra of both isomers II and III contain the peaks X-F of 
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the experimental spectrum. In the case of isomer I, peaks C and D appear to be 
absent, however, its simulated spectrum seems to contain the weak features between 
bands B and C. Based on these observations, it can be concluded that isomers II and 
III of Au3Al5
− are competing for the global minimum, while isomer I can be 
considered as a minor contributor.  
Table 3.7 Theoretical VDEs (in eV), H1-H2 Gap (in eV) and Relative Energies ∆E (in eV) of the 
isomers of Au3Al5−. Relative energies are calculated at M06/aug-cc-pVDZ, M06/aug-cc-
pVDZ//PBE0/Mixed Basisa and M06/aug-cc-pVDZ//CCSD(T)/cc-pVTZ. 
Au3Al5
− 
∆E 
(M06/aug
-cc-
pVDZ) 
∆E 
(PBE0/Mixe
d Basisa) 
∆E 
(CCSD(T)/cc
-pVTZ) 
VDE 
(Theoretical
) 
ADE 
(Theoretical
) 
H1-
H2 
Gapb 
I 0 0.016 0 2.593 2.385 0.15
1 II 0.054 0 0.009 2.495 2.352 0.10
3 III 0.066 0.077 0.002 2.391 2.380 0.118 
IV 0.079 0.359 - 2.609 - 0.00
2 V 0.126 0.437 - 2.582 - 0.22
5 VI 0.191 0.434 - 2.722 - 0.03
0  
a CRENBL-ECP for Au and aug-cc-pVTZ for Al. bH1-H2 gap = the gap (in eV) between peak X 
and A. 
3.4 Conclusion 
The identified global-minima (including major and minor) isomers of the AuxAly
− 
(x+y = 7,8; x = 1–3; y = 4−7) alloy clusters are shown in Figure 3.3, along with those 
of bare Alx
− (x = 6−8) for comparison. Note that previous studies have shown that 
Al6
− has a robust square bi-pyramidal structure and can be viewed as a magic-
number cluster or motif. Indeed, this structural motif is also present in the structures 
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of Al7
− and Al8
− (highlighted in green in Figure 3.3).35 Interestingly, the Al6
− motif 
is also seen in a number of global minimum structures in the AuxAly
− alloy clusters 
(see the green highlight in Figure 3.3). As reported previously, the Al6
− motif 
remains intact in the AuAl6
−.9 In fact, the structures of AuAl6
− and Al7
− are exactly 
the same except the capping Al atom in Al7
− is replaced by Au in AuAl6
−. A distorted 
square  bi-pyramid due to the presence of two Au atoms can be observed in the case 
of Au2Al5
−. As the number of Al atoms is reduced to four, the assigned structures for 
Au3Al4
− no longer display any trace of the square bi-pyramid motif. In other words, 
the replacement of three aluminum atoms with gold atoms in the 7-atom gold-
aluminum alloy cluster completely disrupts the square bi-pyramidal motif.  
A similar trend can be observed in the 8-atom alloy clusters, with increasing Au 
compositions from AuAl7
− to Au3Al5
−. First, in all the three assigned isomers of 
AuAl7
−, the square bi-pyramidal Al6
− motif is observed. The isomer IV of AuAl7
− 
has the same structure as Al8
− except that one of the Al atom capping one of the faces 
of the square bi-pyramid is replaced by an Au atom in case of the major isomer of 
AuAl7
−. Second, in the assigned isomer of Au2Al6
−, the square bi-pyramidal structure 
of Al6
− unit is still intact, indicating high robustness of the Al6
− motif even under the 
influence of two “foreign” Au atoms.  Here, the two Au atoms cap the upper and 
lower faces on each side of Al6
−, respectively. Finally, it is somewhat surprising to 
see that the structures of both the assigned major isomers of the Au3Al5
− cluster 
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contain a highly distorted square bi-pyramidal motif, with isomer II bearing some 
resemblance to the assigned isomer of AuAl7
−. Hence, even under the influence of 
three “foreign” Au atoms, it seems that the tendency to form the square bi-pyramidal 
structure with the remaining five Al atoms still prevails. Overall, it appears that when 
the Al component is more dominant than Au component, i.e., for y > x, in AuxAly
− 
(x+y = 7,8), the tendency to form the square bi-pyramidal structure dominates, 
suggesting that the Al-Al interaction out-performs Au-Au interaction. As such, for 
x > 1, the gold atoms tend to be separated by Al atoms unless only the magic-number 
Al6
- square bi-pyramid motif is present. 
 
Figure 3.3 (i) Previously reported structures of Al6−, Al7− and Al8− (ii) Assigned global minimum 
(including major and minor) isomers of AuAl6−, Au2Al5−, Au3Al4−, AuAl7−, Au2Al6− and Au3Al5−. 
The major isomers for each cluster are denoted by the blue text below the plotted structure. Atom 
color code: Au (gold color) and Al (grey or green color). The Al atoms in green color highlight 
the highly stable square bi-pyramidal Al6− motif. 
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   In conclusion, combined photoelectron spectroscopy and DFT theoretical studies 
of a series of gold-aluminum alloy clusters, AuxAly
− (x+y = 7,8; x = 1–3; y = 4−7), 
is reported. The experimental photoelectron spectra obtained at various photon 
energies revealed well-resolved spectral features, which are used to compare with 
the simulated spectra of low-lying isomers. The BH global optimization combined 
with DFT calculations was used for structural searches. A good agreement between 
the experimental and simulated spectra, as well as relative energies derived at both 
DFT and CCSD(T) levels of theory, helps the identification of the global minimum 
and possible low-lying isomers for each cluster. Several important structural patterns 
of the Au-Al alloy clusters are identified from the comprehensive study. Notably, 
for y ≥ 6 in AuxAly− clusters, the all-aluminum square bi-pyramidal motif is highly 
robust. So when the Al component is more dominant than Au component, i.e., for y 
> x, in AuxAly
− (x+y = 7,8), the strong tendency to form the square bi-pyramidal 
structure prevails, suggesting that the Al-Al interaction dominates the Au-Au 
interaction. A closely related trend is that for x > 1, the gold atoms tend to be 
separated by Al atoms unless only the magic-number Al6
- square bi-pyramid motif 
is present. In other words, in the small-sized mixed clusters, Al and Au components 
do not mix that well. Al component appears to play a more dominant role due to high 
robustness of the magic-number Al6
- square bi-pyramid motif, whereas the Au 
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component tends to be either “adsorbed” onto the Al6- square bi-pyramid motif if y 
> 6, or stays away from one another if x < y < 6.  
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Chapter 4 
 
Size-dependent Structural Evolution of Gold-Aluminium Bimetallic Clusters 
(Au2Aln−, n = 3-11)  
 
 
 
4.1 Introduction 
Size-selected clusters exhibit interesting size-dependent chemical and physical 
properties and they bridge the gap between molecules and bulk materials. Owing to 
its high abundance and low cost, aluminum has attracted considerable research 
interests in cluster science. Previous studies have established that negatively-charged 
aluminum clusters exhibit two-dimensional (2D) structures up to Al5
−, while three-
dimensional (3D) structures start to appear at Al6
−, which is square-
bipyramidal.1Al13
− is known to be a magic-number cluster with icosahedral 
symmetry,2,3 which can resist the etching of oxygen.4 Metal-doping opens a new 
avenue to tailor the properties of metal clusters. Since the discovery of the 
unexpected catalytic properties of gold nanoparticles,5 there have also been 
extensive theoretical studies on the structural and electronic properties of small gold-
aluminum (Au-Al) as well as other gold alloy clusters.6-35 It is suggested that Al atom 
tends to stay in the center of AuAln clusters, while Au atom favors peripheral sites 
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in AuAln clusters. However, experimental investigations on Au-Al alloy clusters are 
relatively scarce. Au-Al cation clusters were first observed by mass spectrometry 
(MS), exhibiting electronic shell effects.36,37 Combined photoelectron spectroscopy 
(PES) and ab initio calculations revealed that AuAl6
− featured an Au+ capping on 
one triangular face of the doubly aromatic Al6
2−.38 In a later MS and theoretical study, 
AuAl6
− was found to be chemically inert due to an electron shell closing of 20.39 A 
joint PES and density functional theory (DFT) study discovered that the lowest-
energy isomer of AuAl12
− possessed low symmetry with an interior Au atom.40 
Subsequently, another combined PES and DFT study on AuAl13
− found that the Au 
atom caps a triangular face of Al13
−.41 In a recent MS study, Au-Al cation clusters 
were revisited and were shown to exhibit odd-even variations in mass signals.42 
Recently, a high-resolution PES and DFT study found that both Au2Al2
− and Au2Al2 
possess C2v tetrahedral structures.
43 Very recently, the structures of 7- and 8-
membered AuxAly
− clusters (x = 1-3; y = 4-7) are found to be three-dimensional (3D) 
via combined PES and DFT studies.44 Again, the robust square bipyramid Al6 motif 
was observed in AuAl6
−, Au2Al6
− and AuAl7
− clusters. It was found that Au atoms 
were separated due to strong Au-Al interaction except in Au2Al6
− and Au3Al5
−.  
In this chapter, we report a joint PES and theoretical study on the structures 
of a series of aluminum cluster anions doped with two gold atoms: Au2Aln
− (n = 3-
11). Note that the Au2Aln
− clusters with n = 2, 5 and 6 have been reported in the 
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previous studies43,44 and they are included here for completeness. To our best 
knowledge, this is the first systematic experimental/theoretical investigation on the 
structural evolution of double-gold-atom-doped aluminum clusters.  
4.2 Methodology 
4.2.1 Experimental Methods 
The experiment was performed using a magnetic-bottle PES apparatus equipped 
with a laser vaporization source, details of which have been published elsewhere.45,46 
Briefly, the gold-aluminum anions were produced by laser vaporization of an Au/Al 
composite target. Clusters formed in the nozzle were entrained in the helium carrier 
gas seeded with 5% argon gas and underwent a supersonic expansion to produce 
cold clusters.47 After passing through a skimmer, anion clusters were extracted from 
the cold collimated molecular beam into a time-of-flight mass spectrometer. Clusters 
of interest were mass-selected, decelerated, and photodetached by the 193 nm (6.424 
eV) radiation from an ArF excimer laser, and the 266 nm (4.661 eV) and the 355 nm 
(3.496 eV) radiation from a Nd:YAG laser. Photoelectrons were collected at nearly 
100% efficiency by a magnetic bottle and analyzed in a 3.5 meter long electron flight 
tube. Photoelectron spectra were calibrated by using the known spectra of Au− or 
Bi−. The energy resolution of the apparatus was ∆Ek/Ek ≈ 2.5%, that is, 
approximately 25 meV for 1 eV electrons.  
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4.2.2 Theoretical Methods 
The basin-hopping (BH) global optimization method48 in conjugation with DFT 
calculations were used to search global minima of the Au2Aln
− (n = 3-11) clusters. 
During the BH search, structures of local minima following each accepted move 
were optimized using the Perdew-Burke-Ernzerhof exchange correlation 
functional51 with the Gaussian double-zeta plus polarization function (DNP) basis 
set implemented in the DMol3 4.0 program.49,50 The top 35 low-energy isomers 
obtained from the BH global optimization were considered as candidates for the 
lowest-lying structures. These candidates were further re-optimized using the PBE0 
functional52 with the aug-cc-pVDZ basis set53 implemented in the Gaussian09 
package.54 Apart from the lowest multiplicity, three higher multiplicities were also 
considered at this step.  The high-multiplicity structures were used in the next step 
only if their relative energies are within 0.2 eV of the lowest energy structures. 
During the re-optimization for each cluster, some of the structures were found to 
converge to the same geometry, resulting in a total number of candidates less than 
35. Harmonic vibrational frequencies were calculated at the same level of theory in 
order to ensure that the obtained structures are true minima.  
Next, single-point energy computations of the re-optimized geometries were 
performed using the PBE0 functional with aug-cc-pVDZ basis set implemented in 
the NWCHEM 6.6 package56 with inclusion of the spin-orbit (SO) effects for the 
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gold atoms. The inclusion of SO effects for gold has been proven to give a 
quantitative match between the experimental and simulated PES spectra for gold-
aluminum alloy as well as pure gold anion clusters.44,55 The first vertical detachment 
energy (VDE) was calculated as the energy difference between the neutral and anion 
at the PBE0-optimized anion geometry. The binding energies of deeper occupied 
orbitals were added to the first VDE to generate electronic density of states. Each 
VDE was fitted with a Gaussian of 0.035 eV width to yield simulated PES spectra, 
which were compared with the experimental PES spectra to identify the lowest-
energy structures. The energy gap (eV) between the first and second highest 
occupied molecular orbitals (HOMO1 and HOMO2), representing the gap between 
peaks labelled X and A, was also calculated for all the candidate isomers. In addition, 
single-point energy calculations at the CCSD(T)57,58 (coupled-cluster method 
including singles, doubles and noniterative perturbative triple) level with the aug-
cc-pVDZ basis set, implemented in the G09 package, were performed to determine 
the best candidate isomers in cases where more than one candidate isomers were 
identified to closely match the experimental spectrum. Hereafter, the PBE0/aug-cc-
pVDZ, PBE0/aug-cc-pVDZ//SO-PBE0/aug-cc-pVDZ and PBE0/aug-cc-
pVDZ//CCSD(T)/aug-cc-pVDZ levels of theory are referred to as PBE0, SO-PBE0 
and CCSD(T), respectively. 
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4.3 Results 
The photoelectron spectra of Au2Aln
− (n = 3, 4, 7-11) at three photon energies are 
shown in Figure 4.1. The spectra for n = 5 and 6 have been reported recently in a 
study of 7- and 8-membered AuxAly
− clusters (x = 1-3; y = 4-7).44 The observed 
features are labeled by letters X, A, B, C… in Figure 4.1, where X denotes the 
transition from the ground state of the anion to that of the neutral and A, B, C… 
denote detachment transitions to the excited states of the neutral cluster. Weak 
features labeled with prime and * indicate contributions from minor isomers and 
impurities, respectively. The experimental VDEs are measured from the maximum 
of each band and are summarized in Tables A2.1-A2.7 of Appendix 2.  
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Figure 4.1. The experimental photoelectron spectra of Au2Aln− (n = 3, 4, 7-11) at three photon 
energies.  
 
 
Figure 4.2. The experimental and theoretical VDEs of Au2Aln
− (n = 2-11) versus the number of 
aluminum atoms.  
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Figure 4.2 shows the change of experimental first VDEs and theoretical first 
VDEs of the assigned isomers with respect to number of aluminum atoms. The 
theoretical VDEs show excellent agreement with the experimental values with the 
average deviation of 0.070 eV. This shows that the selected level of theory is 
appropriate for the Au2Aln
− species in the current study.  
4.3.1 Au2Al3−.   
The 355 nm spectrum of Au2Al3
− (Figure 4.1a) shows two bands X and A. Band X 
is quite sharp with a VDE of 2.03 eV, while band A is slightly broader at a VDE of 
3.06 eV. The energy gap between X and A is 1.03 eV. The 266 nm spectrum (Figure 
4.1b) reveals two more bands ‘*’ and B, at VDEs of 2.75 eV and 3.61 eV, 
respectively.  
The weak band ‘*’ exhibits strong photon-energy dependence, being slightly more 
intense at 266 nm. This weak photon-energy dependent signal was likely derived 
from either two-electron processes59 or impurity. After band B, the signal-to-noise 
ratio is poor, so no more features can be assigned in Figure 4.1b. In 193 nm spectrum 
(Figure 1c), almost continuous signals were observed beyond 4 eV and a band C is 
tentatively labeled around 5.1 eV. All measured VDEs are given in Table A2.1.   
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Figure 4.3. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au2Aln− (n = 3, 4, 7 and 8). The aluminum and gold atoms are in grey and 
gold color, respectively.  
Figure 4.3a displays the 193 nm photoelectron spectrum of Au2Al3
−, 
compared with the simulated spectra of the top-three candidate isomers. The singlet 
isomer II possesses a 2D structure, while triplet isomer I and singlet isomer VIII 
exhibit 3D structures. As shown in Tables 4.1 and A2.8, at the PBE0 level, the triplet 
isomer I is the most stable, while at the SO-PBE0 level, isomers I-IV are close in 
energy with isomer III lying the lowest.  
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            Table 4.1. Experimental first VDE (eV) (the X band in Figure 1), the energy gap (eV) between 
the peaks X and A from the 193 nm experimental spectra for Au2Aln
− (n = 3, 4, 7-11), isomers 
studied, their point groups and relative energies (eV) computed at the PBE0/aug-cc-pVDZ, SO-
PBE0/aug-cc-pVDZ, CCSD(T)/aug-cc-pVDZ levels (with all isomers being optimized at the 
PBE0/aug-cc-pVDZ level), theoretical first VDE (eV), and the energy gap (eV) between HOMO1 
and  HOMO2  orbitals (corresponding to the gap between peaks X and A).   
Anion 
Cluster 
Experimental Theoretical 
VDE[a] Gap Isomer Point 
group 
∆E  
(PBE0/aug-
cc-pVDZ) 
∆E 
(SO-
PBE0/aug-cc-
pVDZ) 
ΔE 
(CCSD(T)/
cc-pVDZ) 
VDE Gap 
Au2Al3− 2.03(4) 1.03 II Cs 0.154 0.021 0.000 1.788 1.081 
I Cs 0.000 0.097 0.055 1.595 1.217 
VIII C1 0.219 0.103 0.084 1.626 1.228 
Au2Al4− 2.20(4) 0.12 I Cs 0.000 0.000 0.000 2.239 0.024 
II C2v 0.179 0.158 0.303 2.302 0.254 
IV C1 0.316 0.273 0.313 2.16 0.035 
Au2Al7− 2.45(3) 0.71 II Cs 0.011 0.000 0.000 2.472 0.69 
I C1 0.000 0.169 0.215 2.671 0.311 
Au2Al8− 2.78(2) 0.38 III C1 0.060 0.118 0.000 2.638 0.252 
IV Cs 0.093 0.067 0.012 2.897 0.06 
V C2 0.108 0.237 0.198 2.518 0.191 
Au2Al9− 2.89(2) 0.26 VI C1 0.019 0.000 0.000 2.764 0.267 
I C1 0.000 0.192 0.339 2.897 0.151 
Au2Al10− 2.68(2) 0.39 I C1 0.000 0.000 0.000 2.625 0.320 
II C1 0.006 0.123 0.000 2.731 0.223 
Au2Al11− 3.10(1) 0.11 I C1 0.000 0.007 0.008 2.97 0.064 
V C1 0.061 0.009 0.000 2.851 0.294 
VIII Cs 0.095 0.050 0.009 2.744 0.311 
         [a] Numbers in parentheses represent the uncertainty in the last digit. 
At the CCSD(T) level, isomers I, II and VIII are competing for the most stable 
structure with isomer II being the lowest lying. Despite a systematic red-shift by 
0.242 eV, isomer II can well reproduce all the main features in the experimental 
spectrum. This red-shift in the computed VDE with respect to the experiment is 
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consistent with our previous study on Au2Al5
−,44 which might also be resulted from 
of the inclusion of spin-orbit coupling in the SO-PBE0 calculation. While the 
calculated first VDE is close to the experimental value, isomer III (simulated 
spectrum shown in Figure A2.1and relative energy data in Table A2.8) is too high in 
the CCSD(T) relative energy, and also misses feature B in the simulated spectrum. 
Isomer I and VIII can be excluded due to the overestimated X-A gap and the missing 
of band B (or unreasonably large A-B gap in comparison to experiment). Hence, we 
conclude that the planar singlet isomer II is the most stable structure for Au2Al3
−.  
4.3.2 Au2Al4−.   
The 355 nm spectrum (Figure 4.1d) shows three sharp and closely-spaced bands X, 
A, and B at VDEs of 2.20 eV, 2.32 eV and 2.52 eV, respectively. Followed by a 
small energy gap after band B, two broad and weak bands C and D are observed 
around 3.0 eV and 3.3 eV. The 266 nm spectrum (Figure 4.1e) reveals three more 
bands E, F and G. Bands E and F are intense and sharp, lying close to each other at 
3.60 eV and 3.73 eV. The broad band G is observed to be at ~4.3 eV. The 193 nm 
spectrum (Figure 4.1f) shows no more well-resolved bands, except nearly 
continuous signals with relatively poor signal-to-noise ratios. The weak features C 
and D are likely due to a minor isomer or two-electron processes. All measured 
VDEs are given in Table A2.2. 
86 
 
Figure 4.3b displays the 193 nm photoelectron spectrum of Au2Al4
−, 
compared with the simulated spectra of the top three candidate isomers. Isomer I is 
the global minimum at both DFT and CCSD(T) levels (Table 4.1); its simulated 
spectrum can reproduce the major features of X, A, B, E, F and G in the experimental 
spectrum. The weak features C and D are absent in the simulated spectrum of isomer 
I and they are probably from a minor isomer. Isomer IV can be a good candidate for 
the minor isomer as its simulated spectrum can reproduce not only bands C and D 
but also the continuous signals around 5 eV which seem to be absent in the case of 
isomer II. The global minimum of Au2Al4
− consists of an Al-capped pentagonal 
structure, reminiscent of the previously reported bi-capped pentagonal structure for 
Au2Al5
−.44 Overall, isomers I and IV can be assigned as the major and minor species 
observed experimentally, respectively.  
4.3.3 Au2Al7−.   
The 355 nm spectrum (Figure 4.1g) shows three well resolved bands, labeled as X, 
X’ and A. Bands X (VDE: 2.45 eV) and A (VDE: 3.16 eV) are quite intense. The 
band X’ at a VDE of 2.76 eV is relatively weak, suggesting that it may result from 
a minor isomer. There seems to be an unresolved shoulder in the low binding energy 
side of band A. The 266 nm spectrum (Figure 4.1h) reveals two more well-resolved 
bands B and C with VDEs of 3.35 eV and 3.61 eV, respectively. Following a small 
energy gap from C, a broad band D at 4.2 eV is observed. The 193 nm spectrum 
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(Figure 4.1i) displays continuous signals beyond 5.0 eV. Band E is tentatively 
labeled for the sake of discussion. All measured VDEs are given in Table A2.3.  
Figure 4.3c displays the 193 nm photoelectron spectrum of Au2Al7
−, 
compared with the simulated spectra of the top two candidate isomers. Among the 
candidate isomers obtained from the BH search, isomers I-VI are all close in energies 
at the PBE0 level, while isomer II is the lowest in energy at the SO-PBE0 and 
CCSD(T) levels (Table 4.1). The simulated spectrum of isomer II can also reproduce 
all the main features (X, A-E) observed experimentally. Isomers I, III and IV 
(simulated spectra shown in Figure A2.3) can be excluded as the major contributor 
because their calculated first VDEs are all too high. Isomer I is 0.215 eV higher than 
isomer II at the CCSD(T) level, and it seems to account for band X’ and the 
unresolved shoulder of band A. Thus, isomer II can be assigned as the major isomer, 
while isomer I can be assigned as the minor isomer for Au2Al7
−. It should be pointed 
out that the Al6 square bipyramid motif is preserved in all the low-lying isomers of 
Au2Al7
−. The structure of isomer II is similar to the reported major isomer of Au2Al6
− 
with one more Al atom bonded to the two gold atoms. 
4.3.4 Au2Al8−.   
The 355 nm spectrum (Figure 4.1j) is quite congested, displaying two intense bands 
(X and A) and two weak bands (X’ and A’). The VDEs of bands X and A are 
measured to be 2.78 eV and 3.16 eV, respectively. Band X’ is on the shoulder of 
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band X with a VDE of 2.62 eV. Band A’ is located between bands X and A, with a 
VDE of 3.00 eV. The relatively weak intensities of bands X’ and A’ suggest they 
may come from minor isomers. The 266 nm spectrum (Figure 4.1k) reveals four 
more bands B, C, D and E. Band B at 3.42 eV is quite broad, which may contain 
several detachment transitions. The sharper band C is well-resolved at a VDE of 3.74 
eV, while bands D and E exhibit poor signal-to-noise ratios in 266 nm spectrum. At 
193 nm (Figure 4.1l), bands D and E are better defined, with VDEs at 4.05 eV and 
4.37 eV, respectively. Beyond band E, the PES signals are almost continuous and no 
definitive PES bands can be identified. All measured VDEs are given in Table A2.4. 
Figure 3d displays the 193 photoelectron spectrum of Au2Al8
−, compared with 
the simulated spectra of the top three candidate isomers. The relative energy 
differences among isomers I-IV are very small at the PBE0 level, with isomer I being 
the lowest (Table A2.11). At the SO-PBE0 level, isomers II, IV and VI are almost 
degenerate in energy with isomer II being the lowest-lying isomer. At the CCSD(T) 
level, isomers III and IV are competing for the global minimum, while isomer I lies 
slightly higher by 0.144 eV and isomer II becomes much higher in energy and can 
be excluded.  
The photoelectron spectra of Au2Al8
− are very complicated with strong 
evidence of the presence of multiple isomers. On the basis of the simulated spectrum, 
isomer III can be tentatively assigned as the major isomer because it can well 
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reproduce the main bands X, A-C and E . Isomer V can be assigned as a minor 
isomer as its simulated spectrum can account for bands X’ and A’. Being almost 
degenerate with isomer III at the CCSD(T) level, isomer IV cannot be ruled out and 
it may also contribute to band A’. Thus, three isomers may be populated in the cluster 
beam of Au2Al8
−. It is interesting to note that the square bipyramid Al6 motif is also 
present in isomers III and V. 
4.3.5 Au2Al9−.   
The 193 nm spectrum (Figure 4.1m) shows three well-resolved bands X, A, and B, 
with VDEs of 2.89 eV, 3.15 eV, and 3.28 eV, respectively. The 266 nm spectrum 
(Figure 4.1n) displays three more bands C, D, and E at VDEs of 3.53 eV, 3.70 eV, 
and 3.92 eV, respectively. The 193 nm spectrum (Figure 4.1r) reveals essentially 
continuous signals beyond 4 eV. A broad band F at ~4.7 eV is tentatively labeled. 
The spectra of Au2Al9
− are relatively well resolved with sharp PES bands, suggesting 
a relatively stable structure with little or no isomer present in the cluster beam. All 
measured VDEs are given in Table A2.5. 
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Figure 4.4.  Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au2Aln− (n = 9 - 11). The aluminum and gold atoms are in grey and gold 
color, respectively.  
Figure 4.4a displays the 193 nm photoelectron spectrum of Au2Al9
−, 
compared with the simulated spectrum of the top two candidate isomers. Among the 
examined candidate isomers, isomers I-VI are very close in energy at the PBE0 level 
(Table A2.12). However, isomer VI becomes appreciably more stable at both the 
SO-PBE0 and CCSD(T) levels (Table 4.1). At the CCSD(T) level, all other isomers 
are at least 0.17 eV higher in energy, suggesting the exceptional stability of isomer 
VI. The simulated spectrum of isomer VI is almost in quantitative agreement with 
the experimental spectrum, firmly confirming isomer VI as the global minimum of 
Au2Al9
−. On the basis of both the energetics (Table A2.12) and the simulated spectra 
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(Figure A4.5), all other isomers can be ruled out. Despite the tubular shape of isomer 
VI, a square-bipyramidal Al6 motif can still be recognized.  
4.3.6 Au2Al10−.   
The 355 nm spectrum (Figure 4.1p) displays three well-resolved bands. The ground 
state band X is observed at a VDE of 2.68 eV. Following a small energy gap from 
band X, two closely-spaced bands A and B are observed at VDEs of 3.07 eV and 
3.22 eV, respectively. The 266 nm spectrum (Figure 4.1q) reveals many more PES 
bands, showing a rather congested spectrum. Bands C and D at VDEs 3.45 eV and 
3.54 eV overlap with each other and are not well resolved. Bands E and F have VDEs 
at 3.85 eV and 4.13 eV, respectively. Band G at ~4.3 eV is not well resolved in the 
266 nm spectrum, but only slightly better defined in 193 nm spectrum (Figure 4.1r), 
which basically reveals continuous signals beyond 4.6 eV. Band H at ~ 5.0 eV is 
tentatively labeled. All measured VDEs are given in Table A2.6.  
Figure 4.4b displays the 193 nm photoelectron spectrum of Au2Al10
−, 
compared with the simulated spectrum of the top two candidate isomers. The 
potential energy landscape of Au2Al10
− is much more complicated. Isomers I-III and 
VIII are almost degenerate at both DFT and CCSD(T) levels (Table A2.13), making 
it rather difficult to compare with the experiment. The simulated spectra for other 
isomers are given in Figure A2.6, and only the simulated spectra of the two nearly 
degenerate isomers I and II are compared with the experiment in Figure 4.4b. Isomer 
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I can account for the major observed PES bands, while isomer II cannot be ruled out. 
The experimental spectra are relatively well resolved, suggesting that it is unlikely 
that other isomers are populated appreciably in the cluster beam. Thus, isomer I is 
tentatively assigned as global minimum for Au2Al10
−, which possesses a compact 3D 
structure.  
4.3.7 Au2Al11−.   
The 355 nm spectrum (Figure 4.1s) exhibits two intense and closely-spaced bands 
(X and A) at VDEs of 3.10 eV and 3.21 eV, respectively. The feature ‘*’ at 1.68 eV 
might result from an impurity or a photodisssociation product of the parent anion. A 
weak band B is observed near the threshold, which is better resolved at 266 nm 
(Figure 4.1x), which reveals five more congested bands. A weak band ‘a’ observed 
at 2.30 eV corresponds to detachment of Au−, indicating the possibility of 
photodissociation. No new PES bands are observed in the 193 nm spectrum (Figure 
4.1x), which shows continuous signals beyond band G. All measured VDEs are 
given in Table A2.7. 
Figure 4.4c displays the 193 nm photoelectron spectrum of Au2Al11
−, 
compared with the simulated spectra of the top three candidate isomers. The 
potential landscape of Au2Al11
− is also very complicated. The relative energies of 
isomers I-VIII are very close both at the DFT and CCSD(T) levels (Table A2.14). 
The simulated spectra of isomers I, V, and VIII, which are lowest in energy at 
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CCSD(T), are compared with the experiment in Figure 4.4c, while those for other 
isomers are given in Figure A2.7. The simulated spectrum of isomer I is in good 
agreement with the observed spectrum, suggesting that it constitutes the major 
isomer in the experiment. While isomers V and VIII cannot be ruled out, no distinct 
PES bands can be attributed to them, suggesting that their populations in the cluster 
beam would be small if present. Isomer I of Au2Al11
− also has a compact 3D structure 
similar to Au2Al10
−.  
4.3.8 Structural Evolution of Au2Aln− (n = 2−11).  
The identified global minimum structures for the di-gold doped aluminum cluster 
anions and the corresponding pure aluminum cluster anions (Aln+2
−) are shown in 
Figure 4.5. The structures of Au2Aln
−(n = 2, 5 and 6) and Aln+2
− (n = 2-11) are from 
the previous studies.43,44,60 There are a number of interesting structural features in 
this size range. The structures of the bimetallic clusters evolve from 3D at n = 2 to 
2D at n = 3 and then 3D beyond n = 3. The Au2Al3
− is found to have an interesting 
2D structure, which optimizes Au-Al interactions and is reminiscent of the 2D 
structure of Al5
−.1 The 3D structures reappear at Au2Al4
− for both its global minimum 
and its minor isomer. In the recent study,44 we found that the highly symmetric 
square-bipyramidal Al6 motif
38 is present in AuAl6
−, Au2Al6
−, and AuAl7
−. In the 
current study, we find that this Al6 motif persists in the global minima from Au2Al7
− 
to Au2Al9
−. In the case of pure aluminum cluster anions, the Al6 motif is found in the 
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Al6
− to Al10
− size range.  The global minimum of Au2Al7
− can be viewed as being 
formed from the major isomer of Au2Al6
− with the additional Al atom added to the 
side of the two gold atoms. The global minimum of Au2Al8
− contains a square-
bipyramidal Al6 unit with two adjacent triangular faces capped by Al and Au atom 
and an Al-Au-Al unit, respectively. The global minimum of Au2Al9
− has a tubular 
shape, containing a distorted square-bipyramidal Al6 motif at one end. This tubular 
structure is found to be particularly stable. The structures of Au2Al10
− and Au2Al11
− 
exhibit compact 3D features, which are similar to the single Au-doped AuAl12
− 
cluster.40 The two Au atoms of Au2Al10
− and Au2Al11
− occupy peripheral sites, while 
that of AuAl12
− was found to be in the interior position.40 The structures of Au2Al9
−, 
Au2Al10
− and Au2Al11
− are quite different from their pure aluminum cluster 
counterparts (Al11
−, Al12
−, and Al13
−) .  
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Figure 4.5.  The structural evolution of anionic pure aluminum Aln+2 and di-Au-doped Al clusters 
Au2Aln− (n = 2-11). The size of the minor isomers has been kept smaller than that of the major 
isomers. Atom color code: Au (gold color) and Al (grey or green color). The Al atoms in green 
color highlight the highly stable square bi-pyramidal Al6
− motif. 
            In order to compare the Au-Au, Al-Al and Au-Al interactions, we plot the 
average Mayer bond orders (MBO) for the Au-Au, Al-Al and Au-Al bonds versus 
the number of aluminum atoms in Figure 4.6. For a given Au2Aln
− cluster, the 
average MBO value of the Au–Al bonds is larger than that of Au-Au bonds but 
smaller than that of the Al-Al bonds, suggesting that the Au-Al interactions are more 
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dominant than the Au-Au interactions so that there is no direct Au-Au bonding in 
the Au2Aln
− (n = 2-11) clusters. The Au2Al6
− and Au2Al7
− clusters are exceptions, 
where the robustness of the Al6 motif dominates the energetic requirement for Au-
Au separation in the bimetallic Au-Al clusters.  
 
Figure 4.6. The average Mayer bond orders for the Au-Au, Al-Al and Au-Al bonds versus the size 
of the di-Au-doped Al cluster anions Au2Aln− (n = 2-11).  
4.3.9 Relative Stabilities and Charge Distribution.  
To explore the relative structural stabilities of the double-gold-doped aluminum 
cluster anions Au2Aln
 (n = 2 - 11), we plot the average binding energies (Eb) and the 
second-order energy difference (Δ2E) versus the cluster size (number of aluminum 
atoms) in Figure 4.7. CCSD(T) energies of the most stable isomers (singly assigned 
or major isomers) were used for these calculations. The Eb and Δ2E of Au2Aln-
clusters are defined as follows: 
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Eb = [E(Au) + E(Au
-
) + nE(Al) - E(Au2Aln
-
) ]/(n+2) 
Δ2E = E(Au2Aln-1
-
) + E(Au2Aln+1
-
) - 2E(Au2Aln
-
) 
where E is the energy of corresponding atom, ion or cluster. The average binding 
energy per atom shows a sharp increase from n = 2 to n = 3 and a gradual increase 
afterwards with addition of more aluminum atoms, suggesting that the cluster 
formation is more favorable for bigger values of n. The variation of the second-order 
energy difference with the cluster size shows local peaks at Au2Al6
− and Au2Al9
−, 
indicating that these clusters appear to more stable than their neighboring-sized 
clusters.  
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Figure 4.7.  Size dependence of average binding energies (Eb) and second-order energy differences 
(Δ2E) for the most stable di-Au-doped Al cluster anions Au2Aln− (n = 2-11).  
In order to analyze the charge distribution, we performed the natural 
population analysis for the most stable isomers of the Au2Aln (n = 2 - 11) at the 
PBE0/aug-cc-pvdz level of theory. The variation of charge on gold atoms with 
respect to the number aluminum atoms is presented in Figure 4.8. For each cluster 
size, higher negative charge resides on the two gold atoms. This is expected as gold 
has a higher electronegativity than the aluminum.  
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Figure 4.8.  The negative charge on gold atoms versus the size of the di-Au-doped Al cluster 
anions Au2Aln− (n = 2 - 11).  
4.4 Conclusion 
In conclusion, we present a joint experimental and theoretical study on 
double-gold-atom-doped aluminum cluster anions Au2Aln
− (n = 3, 4, 7-11). Well-
resolved photoelectron spectra were obtained for these clusters and used to compare 
with theoretical calculations for structure elucidation. The potential-energy 
landscapes of these bimetallic clusters are found to be quite complicated and 
multiple isomers are observed and identified in a number of clusters. The square-
bipramidal Al6 motif is found to be a dominating structural feature for n = 6 - 9. The 
Au2Al9
− is found to be a highly stable tubular type structure. The Au2Al10
− and 
Au2Al11
− clusters are found to exhibit compact three-dimensional structures. Except 
for Au2Al4
−, Au2Al6
−, and Au2Al7
−, the two gold atoms are separated in these double-
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gold-atom-doped aluminum clusters due to the strong Au-Al interactions. Relative 
stabilities of the identified most stable bimetallic clusters are analyzed via computing 
their binding energy and the second-order energy difference as a function of cluster 
size. By comparing the charge distribution with cluster structures, we find that the 
gold atom coordinated with more number of aluminum atoms tends to possess higher 
electron density.  
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Chapter 5 
 
Structural Evolution of Gold Clusters Aun- (n = 21-25) Revisited 
 
 
5.1 Introduction 
 The exceptional catalytic properties of gold nanoparticles show remarkable 
divergence form the chemical inertness of bulk phase.1-6 This has made gold 
nanoparticles a hot research topic for heterogeneous catalysis.7-9 One such example 
would be CO oxidation by nano-gold catalysts.10-15 Considerable efforts have been 
made to explore the link between structure and catalytic function through the study 
of gold clusters over a wide size range by means of both experimental and theoretical 
methods.1,16-48 It has been found that small gold anion Aun
- clusters display two-
dimensional (2D) planar structures up to n = 11, with a 2D to 3D transition occurring 
at n = 12 where both 2D and 3D isomers coexist.34-35 In the size range of n = 16-18, 
hollow-cage type structures emerge, which is followed by pyramidal structures at n 
= 18- 20.36 The  Au20
- cluster with a tetrahedral (Td) symmetry can be viewed as a 
fragment of face-centered cubic (FCC) lattice of the bulk gold28 and possesses a large 
gap between the highest occupied molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO). The structure determination of medium-
106 
 
sized clusters in the range of n = 20 - 26 has been considered much more challenging 
due to the existence of multiple distinct isomers for each size, a reflection of dramatic 
structural changes over this special size-range. In the previous study by us ten years 
ago31, it was suggested that the dominant isomers for both Au21
- and Au22
- exhibited 
fused planar structures, although the pyramidal structures may also play an important 
role in n = 21-23 range as they were observed as supplementary isomers in case of 
Au21
- and Au22
- and as a dominant isomer in case of Au23
-. However, for Au24
-, a 
low-symmetry hollow-tubular structure was suggested. In the same study, it was 
predicted that Au25
- possessed a core-shell structure with a single-atom core. The 
Au25
- cluster was thus considered as the smallest anionic gold cluster with a core. In 
another joint photoelectron spectroscopy (PES) and density functional theory (DFT) 
study48, it was found that the photoelectron spectrum of Au26
- contained a mixture 
of three isomers, all of which had low symmetry core-shell type structures.  The 
structure evolution of gold clusters in n = 27-38 range has also been investigated by 
joint experimental PES and theoretical studies42,43 which suggested that these mid-
sized gold anion clusters exhibited low-symmetry core-shell structures with different 
number of core atoms: Au27
-, Au28
- and Au30
- possessed a single-atom core; Au32
- 
contained a three-atom triangular core; while a four-atom tetrahedral core is seen in 
case of n = 33-38 range. A very recent study49 reported  the evolution from the four-
atom tetrahedral core to an eight-atom core in the range of n = 42-50. 
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The strong relativistic effect50 as well as spin-orbit (SO) effect51 in gold clusters 
along with the existence of multiple isomers in some cases, make it extremely 
difficult to definitely find a good match between experimental and simulated 
photoelectron spectra. This is especially true in the cases where a structural transition 
occurs so that isomers with distinctly different structures can be very close in energy. 
Thus, in these cases, the inclusion of SO effects in DFT calculations becomes very 
important as it has been found that calculation of electronic density of states with 
inclusion of the SO effect can yield excellent match between experimental and 
simulated PES spectra.41,52 For the size range of n = 21-25, co-existence of different 
structures and more than one structural transitions were previously studied, but 
without taking into account the SO effect.31  
The aim of this chapter is to revisit the n = 21-25 size range of gold anion clusters 
by using DFT computation with inclusion of the SO effect as well as much larger 
database of isomers (> 1000 for each size) generated from basin-hopping global 
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5.2 Methodology 
5.2.1 Computational Methods 
The basin-hopping (BH) global optimization method53 in conjugation with DFT 
optimization was used for the search of global minimum structures of the gold 
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clusters anion for the size range under study.  During the BH search, after each 
accepted move, the resulting local minimum geometry was further optimized using 
generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof 
(PBE) exchange correlation functional54 and the double-numerical polarized (DNP) 
basis set with effective core potential (ECP), implemented in DMOL3 4.0 
program.55-56  For the BH search, a temperature closer to the boiling point of gold 
and an average acceptance ratio of 50% were used. More than 1000 isomers were 
collected for each cluster size. The top 20 low-lying isomers thus obtained from the 
BH global optimization were considered as candidates for the lowest-energy 
structure. These candidates were further re-optimized using meta-GGA M06 
functional57 with the aug-cc-pVDZ basis set58 implemented in G09 package.59 It has 
been previously reported that M06 functional is very accurate in predicting the 
relative stability of small sized gold clusters. It has been able to that predict the 2D 
to 3D transition at the correct value of n for the gold cluster anions, Aun
-.60 During 
the re-optimization, some of the structures converged to the same geometry. This 
reduced the number of isomers to 9–18 for each size of cluster. Next, single-point 
energy calculations of the M06-optimized geometries were performed by using 
PBE0 functional61 with CRENBL-ECP basis set implemented in the NWCHEM 6.5 
package62, with inclusion of the SO effect for the gold. Note that the SO-
PBE0/CRENBL-ECP level of theory has been proven to give quantitative match 
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between the experimental and simulated PES spectra for mid-sized gold anion 
clusters42,45. Theoretical vertical detachment energies (VDEs) were calculated using 
time-independent SO-PBE0/CRENBL-ECP method. The first VDE was calculated 
as the energy difference of the between the neutral and anion at the optimized anion 
geometry. The higher VDEs were approximated by adding vertical excitations 
energies to the first VDE. Each VDE was fitted with a 0.065eV Gaussian width to 
yield the simulated photoelectron spectrum. The simulated spectra were then 
compared with the experimental spectra to identify the lowest energy structures. 
5.3 Results 
The experimental PES spectra used in this study has been published previously.31 
The low-energy isomers of all the gold anion clusters under study were thoroughly 
searched. The simulated PES spectra of the top-four to top-six lowest-lying isomers 
(at the M06/aug-cc-pVDZ level of theory) are compared with the 193nm 
experimental spectra for each size of cluster, as shown in Figures 5.1-5.5. The 
simulated PES spectra were obtained by fitting the computed VDEs with a unit area 
Gaussian function of 0.065 eV width. Other low-lying isomers and their simulated 
spectra can be found in Appendix 3 (Figures A3.1-A3.5). The experimental VDEs 
and gap between peaks X and A of the 193nm experimental spectrum are presented 
in Table 5.1. The relative energies of all the low-lying isomers, their calculated first 
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VDEs are shown in Tables 5.2-5.6, for the five Aun
− (n = 21 – 25) clusters, 
respectively. Hereafter, the M06/aug-cc-pVDZ and M06/aug-cc-pVDZ //SO-
PBE0/CRENBL-ECP levels of theory are referred to as M06 and SO-PBE0, 
respectively. 
Table 5.1.  Experimental VDEs and X-A gaps for Aun
− (n=21-25). All values are in eV. 
Cluster VDEa  X-A gap 
Au21- 3.59(7) 0.27 
Au22- 3.38(5) 0.48 
Au23- 3.79(3) 0.18 
Au24- 3.51(3) 0.56 
Au25- 4.05(3) 0.18 
a Numbers in the parentheses represent uncertainties in the last digit. 
 
5.3.1 Au21−.   
The simulated spectra of the top-four lowest-lying isomers (I, II, III and IV) of Au21
− 
are compared with the experimental spectrum in Figure 5.1. Among these low-lying 
isomers, only the geometry of isomer III is derived from a highly stable pyramidal 
structure of Au20
- with one extra gold atom on one of the corners. While isomers II 
and IV can be viewed as fused-planar cages formed by the fusion of two planar 
structures. The isomer I seems to possess a hollow-tubular structure. 
When compared with the experimental spectrum, it can be observed that a 
combination of isomers I and IV can account for the major features: X, A, B, C, D, 
E and J of the experimental spectrum.  It must be noted that the peak A in this 
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combination is from isomer IV. This can explain for the larger X-A gap in case of 
isomer I. The simulated spectrum of isomer II can reproduce features X, A, C, F and 
J, and that of isomer III can reproduce features X’, C, D, F, H and I.  Isomer III has 
a large X-A gap which is expected since its structure is based on highly stable Au20 
pyramid. All the top-four isomers are almost degenerate (energy difference < 0.1 eV 
at the M06 level of theory; see Table 5.2) with isomer I being the lowest-energy 
isomer. However, at SO-PBE0 level, isomer V (whose simulated spectrum is shown 
in Figure A3.1) is the lowest-energy isomer, followed by isomer III.   
 
Figure 5.1. Comparison of the simulated spectra (black) for the top-four low-lying isomers of 
Au21− with the 193 nm experimental spectra (red). The peak labels X, A, B,… refer to the spectrum 
contributed by the major isomer while the peak labels Xˊ, Aˊ,… refer to the contribution by a 
minor isomer.  
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Based on comparison with the experiment, and the relative energy data at both M06 
and SO-PBE0 levels, both isomers I and IV are considered as the major contributors, 
while isomer III can be considered as a minor contributor to the experimental 
spectrum. Isomer V can be rule out as a minor isomer because its first VDE (3.71eV) 
is more blue shifted compared to the experimental first VDE (3.59 eV). 
In our previous study31, isomer III and isomer IV were assigned as supplementary 
and dominant isomer, respectively. The current results reconfirm the pyramidal to 
non-pyramidal transition31 at Au21
- and show the presence of a hollow-tubular isomer 
I together with a fused-planar cage structure (isomer IV) as major isomers in the 
cluster beam. 
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Table 5.2.  Theoretical VDEs, X-A gap, and relative energies (∆E) of the top-nine low-lying 
isomers of Au21
−. Relative energies are calculated at M06/aug-cc-pVDZ and M06/aug-cc-
pVDZ//SO-PBE0/CRENBL-ECP levels of theory.  All energies are in eV. 
Au21- ΔE 
(M06/aug-
cc-pVDZ) 
ΔE (SO-
PBE0/CRENBL-
ECP) 
VDE 
(Theoretical) 
X-A gapa 
I 0 0.144 3.826 0.38 
II 0.037 0.268 3.805 0.288 
III 0.065 0.07 3.522 0.817 
IV 0.088 0.379 3.863 0.294 
V 0.117 0 3.717 0.72 
VI 0.124 0.335 3.838 0.316 
VII 0.124 0.222 3.775 0.086 
VIII 0.237 0.222 3.321 1.042 
IX 0.241 0.141 3.834 0.406 
         aX-A gap = the gap (in eV) between peak X and A assigned in experimental spectrum 
5.3.2 Au22−. 
The simulated spectra of the four low-lying isomers of Au22
− are compared with the 
experimental spectrum in Figure 5.2. While isomers I, II and III possess hollow-
tubular type structures, isomer IV has a fused-planar type structure.  
A comparison with the experimental spectrum shows that a combination of 
isomers II and III can account for all the main features, namely, X, Aˊ, A, B, C, D, 
E and F in the experimental spectrum. It must be noted that the X-A gaps of isomers 
I and III are smaller than the experimental X-A gap (0.48 eV). This is because peak 
X is not contributed by these two isomers. All the four isomers are almost 
isoenergetic at both M06 and SO-PBE0 levels of theory (Table 5.3). Based on 
comparison between the simulated and experimental spectra, and the relative M06 
and PBE0 energy data, it can be concluded that isomer II and III are the major and 
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minor isomers respectively. There is also possibility of isomer I being a minor 
isomer in the cluster beam. 
 Previously31, isomer IV and isomer XVI were assigned as the major and minor 
isomer, respectively. Here isomer IV was not considered as a major isomer because 
its simulated spectrum seems to miss several features such as Xˊ, X, A, B and E. 
However it is possible that isomer IV might be another minor isomer. Isomer XVI 
is not considered for assignment as a minor isomer since its simulated spectrum 
misses features X, A, B, C, F and G of the experimental spectrum. Unlike Au21
- for 
which both hollow-tubular and fused-planar type structures were dominant. In the 
case of Au22
- the dominant structure (isomer II) is of hollow-tubular type. 
 
Figure 5.2. Comparison of the simulated spectra (black) for the top-four low-lying isomers of 
Au22− with the 193 nm experimental spectra (red).    
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Table 5.3. Theoretical VDEs, X-A gap, and relative energies (∆E) of the top-seventeen low-lying 
isomers of Au22
−. Relative energies are calculated at M06/aug-cc-pVDZ and M06/aug-cc-pVDZ 
// SO-PBE0/CRENBL-ECP levels of theory.  All energies are in eV. 
Au22- ΔE (M06/aug-
cc-pVDZ) 
ΔE (SO-
PBE0/CRENBL-
ECP) 
VDE 
(Theoretical) 
X-A gapa 
I 0 0.003 3.549 0.396 
II 0.025 0 3.459 0.449 
III 0.032 0.034 3.636 0.269 
IV 0.068 0.091 3.449 0.593 
V 0.118 0.218 3.541 0.386 
VI 0.136 0.149 3.468 0.455 
VII 0.149 0.249 3.624 0.389 
VIII 0.17 0.206 3.425 0.438 
IX 0.176 0.208 3.451 0.534 
X 0.178 0.161 3.353 0.496 
XI 0.184 0.119 3.552 0.506 
XII 0.204 0.277 3.46 0.446 
XIII 0.204 0.222 3.572 0.466 
XIV 0.229 0.351 3.493 0.489 
XV 0.323 0.339 3.572 0.448 
XVI 0.324 0.163 3.047 0.739 
XVII 0.356 0.145 3.407 0.588 
         aX-A gap = the gap (in eV) between peak X and A assigned in experimental spectrum  
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5.3.3 Au23−.  
The structures of the six lowest-lying isomers of Au23
- along with their simulated 
spectra are shown in Figure 5.3. While isomers I, IV and V can be viewed as fused-
planar structures, isomers II, III, and VI seem to possess hollow-tubular structures. 
At the M06 level of theory, the relative energy values of isomers I-VI are less than 
1 eV while at the SO-PBE0 level the same trend is observed for the relative energy 
values of isomers I, II, III, V and IX. Isomer I has the lowest energy at both the M06 
and SO-PBE0 levels. Isomer III can be considered as a major isomer because its 
simulated spectrum can account for the major features X, A, B, E and F of the 
experimental PES spectrum. It must be noted that the simulated spectrum of isomer 
III can also account for the weak tail feature of the peak B of the experimental 
spectrum. Isomers I, II, IV, V and VI are not considered as major isomers because 
of the absence of peak X in their respective simulated spectra. Although, these 
isomers are strong candidates for minor isomers, we have assigned isomers II and V 
as minor isomers. The simulated spectrum of isomer II reproduces the peaks A, B, 
C, D, E and G of the experimental spectrum very well and that of isomer V contains 
peak X feature which makes sense since this peak has high intensity in the 
experimental spectrum and it is plausible that two isomers (III and V) might 
contribute to this main feature. Rest of the features of the simulated spectrum of 
isomer V seem to be buried under those of isomer III. 
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Figure 5.3. Comparison of the simulated spectra (black) for the top-six low-lying isomers of Au23
− 
with the 193 nm experimental spectra (red).                                                                                       
Previously, Pyramidal isomers XVI (simulated spectrum shown in Figure A3.3) and 
IV  were assigned as the major and minor isomers, respectively.31 Isomer XVI is not 
considered as a contender for the major isomer because of its large X-A gap (0.361 
eV) compared to the experimental X-A gap (0.180 eV); and high relative energies at 
both M06 and SO-PBE0 levels. The possibility of isomer VI being another minor 
isomer in the cluster beam cannot be ruled out. 
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Table 5.4. Theoretical VDEs, X-A gap, and relative energies (∆E) of the top-eighteen low-lying 
isomers of Au23
−. Relative energies are calculated at M06/aug-cc-pVDZ and M06/aug-cc-pVDZ 
// SO-PBE0/CRENBL-ECP levels of theory.  All energies are in eV. 
Au23- ΔE 
(M06/aug-
cc-pVDZ) 
ΔE (SO-
PBE0/CRENBL-
ECP) 
VDE 
(Theoretical) 
X-A gapa 
I 0 0 3.8756 0.3163 
II 0.0495 0.0777 3.9381 0.2564 
III 0.0723 0.0607 3.8375 0.1576 
IV 0.0764 0.1069 3.9192 0.2533 
V 0.0833 0.0721 3.8354 0.3044 
VI 0.0862 0.2684 3.9056 0.1785 
VII 0.106 0.1081 3.9079 0.1932 
VIII 0.1216 0.2435 3.8693 0.1017 
IX 0.1297 0.0874 3.8215 0.202 
X 0.1458 0.1982 3.9033 0.3679 
XI 0.1689 0.1117 3.8022 0.243 
XII 0.1696 0.1785 3.8931 0.0744 
XIII 0.1706 0.1592 3.9274 0.2165 
XIV 0.1767 0.1332 3.7534 0.2207 
XV 0.1797 0.1568 3.7775 0.3462 
XVI 0.3514 0.2577 3.605 0.3613 
XVII 0.3659 0.3586 3.7302 0.2667 
XVIII 0.3853 0.5326 3.7199 0.4094 
      aX-A gap = the gap (in eV) between peak X and A assigned in experimental spectrum 
 
5.3.4 Au24−.   
The simulated spectra compared with the experimental 193nm PES spectrum and 
the respective structures of the top-six low-lying isomers of Au24
- cluster are shown 
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in Figure 5.4. While isomers I, II and V possess fused-planar type structures, isomers 
III, IV and VI exhibit hollow-tubular type structures. Although the isomers III and 
VI do not possess lowest energies at both M06 and SO-PBE0 levels of theory, they 
still can be considered as major isomers because their simulated spectra can 
reproduce several major features such as X, A, B, C and F of the experimental PES 
spectrum. It must be noted that isomer VI was assigned as the major isomer in the 
previous study31. Isomer I, which is the lowest-energy isomer at both M06 and SO-
PBE0 levels, can be ruled out as a major isomer because its simulated spectrum 
misses the feature X of the experimental spectrum. Both isomers IV and V 
(previously assigned minor isomer) can be assigned as minor isomers since they 
contribute to the weak features Xˊ and Aˊ, respectively. Isomer II is not considered 
as a minor isomer because of the presence of a broad feature at 4.2 - 4.6 eV in its 
simulated spectrum which is unsuitable to account for the two distinct peaks B and 
C of the experimental spectrum. 
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Figure 5.4. Comparison of the simulated spectra (black) for the top-six lowest-lying isomers of 
Au24−  with the 193 nm experimental spectrum (red). 
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Table 5.5. Theoretical VDEs, X-A gap, and relative energies (∆E) of the top-eighteen low-lying 
isomers of Au24
−. Relative energies are calculated at M06/aug-cc-pVDZ and M06/aug-cc-pVDZ 
// SO-PBE0/CRENBL-ECP levels of theory.  All energies are in eV. 
Au24- ΔE 
(M06/aug-
cc-pVDZ) 
ΔE (SO-
PBE0/CRENBL-
ECP) 
VDE 
(Theoretical) 
X-A gapa 
I 0 0 3.717 0.281 
II 0.108 0.145 3.49 0.495 
III 0.130 0.166 3.439 0.534 
IV 0.136 0.211 3.523 0.505 
V 0.164 0.342 3.792 0.264 
VI 0.167 0.21 3.447 0.668 
VII 0.179 0.127 3.419 0.595 
VIII 0.198 0.227 3.482 0.482 
IX 0.204 0.271 3.473 0.496 
X 0.21 0.296 3.505 0.564 
XI 0.243 0.304 3.45 0.507 
XII 0.252 0.381 3.514 0.503 
XIII 0.273 0.329 3.563 0.557 
XIV 0.276 0.306 3.44 0.515 
XV 0.292 0.316 3.458 0.562 
XVI 0.361 0.387 3.494 0.539 
XVII 0.363 0.458 3.484 0.503 
XVIII 0.396 0.494 3.454 0.614 
      aX-A gap = the gap (in eV) between peak X and A assigned in experimental spectrum. 
 
5.3.5 Au25−.   
The BH search for Au25
- yielded fused-planar, hollow-tubular, as well as core-shell 
type structures (core Au atom is shown in blue in Figure 5.5).  Among the top-five 
lowest-lying isomers of Au25
- as shown in Figure 5.5, isomers II, III and V possess 
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core-shell compact structures, while isomers I and IV possess fused-planar and 
hollow-tubular structures, respectively. The hollow-tubular structure of isomer IV 
seemed to be formed as a result of fusion of two pyramidal gold clusters. 
 
Figure 5.5. Comparison of the simulated spectra (black) for the top-five lowest-lying isomers of 
Au25−  with the 193 nm experimental spectrum (red). The core gold atom for the isomers is 
highlighted in blue. 
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Table 5.6. Theoretical VDEs, X-A gap, and relative energies (∆E) of the top-ten low-lying isomers 
of Au25
−. Relative energies are calculated at M06/aug-cc-pVDZ and M06/aug-cc-pVDZ // 
PBE0/CRENBL-ECP levels of theory.  All energies are in eV. 
Au25- ΔE 
(M06/aug-cc-
pVDZ) 
ΔE (SO-
PBE0/CRENBL-
ECP) 
VDE 
(Theoretical) 
X-A gapa 
I 0 0 3.910 0.175 
II 0.165 0.421 3.862 0.261 
III 0.177 0.413 3.829 0.228 
IV 0.237 0.251 4.059 0.150 
V 0.245 0.337 3.739 0.110 
VI 0.294 0.558 3.575 0.479 
VII 0.336 0.464 3.820 0.187 
VIII 0.416 0.484 4.17 0.239 
IX 0.451 0.599 3.866 0.110 
X 0.551 0.603 3.921 0.142 
         aX-A gap = the gap (in eV) between peak X and A assigned in experimental spectrum 
 
Although the relative energies of isomer IV are 0.237 eV and 0.251 eV at the M06 
and SO-PBE0 levels, respectively, it appears that its simulated spectrum is in 
excellent agreement with the experimental data. The features X, A, B, C, D, E, G, H 
and J of experimental spectrum are reproduced by the simulated spectrum of isomer 
IV. The simulated spectra other four isomers which include the previously assigned 
isomer V seem to exhibit extra features in the low binding-energy region (< 4.0 eV) 
and thus are not considered for the assignment. 
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In the previous study31, a core-shell isomer V was assigned as the primary isomer. 
However, the current results show that the dominant isomer in the cluster beam is 
most likely the hollow-tubular isomer IV. 
 
Figure 5.6. Structural evolution of gold anion clusters from Au20− to Au25−. In case where there is 
more than one assignment, the major and minor isomers are captioned in green and blue text, 
respectively.  
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5.4 Conclusion 
A combined theoretical and experimental photoelectron spectroscopy study on a 
series of gold anion clusters, Aun
− (n = 21-25), is reported. The experimental 
photoelectron spectrum obtained at various photon energies revealed reasonably 
well-resolved spectral features, which are used to compare with the simulated 
spectra of low-lying isomers. The basin-hopping global optimization method 
combined with density functional theory optimization was used for structural 
searches. A good agreement between the experimental and simulated spectra, as well 
as relative energy rankings at two levels of density functional theory, helped the 
identification of the global-minimum and possible low-lying isomers for each size 
of five clusters. The BH search for this size range yielded diverse structures such as 
pyramidal, fused-planar, and hollow-tubular, which were likely a reason why their 
experimental PES spectra were not as well-resolved as those in the size range of n = 
27 – 35.42 In the latter range, only the core-shell structures present in the cluster 
beam. Finally, the structural evolution in the range of n = 21 – 25 is depicted in 
Figure 5.6. The very stable pyramidal Au20 motif can be seen fully kept in one of 
the minor isomers of Au21
- . The dominant isomers for Au21
- are of both hollow-
tubular and fused-planar types, while for Au22
- a hollow-tubular structure is 
dominant. In case of Au23
-, the assigned major isomer possesses a hollow-tubular 
type structure while the fused-planar structures can be seen among the minor 
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isomers. The dominance of hollow-tubular structures is observed again in case of 
Au24
- where, like Au23
-, the assigned major isomers are of hollow-tubular type. 
Beyond Au20
-, a single dominant isomer appears for the first time only at Au25
- which 
exhibits a hollow-tubular structure consisting of two deformed pyramidal parts fused 
along two of the faces. One of the pyramidal parts has two triangular faces (shown 
in green in Figure 5.6) of Au20 unit. The prediction of a hollow-tubular structure at 
Au25
- changes the conclusion from our previous study31 which predicted Au25
- as the 
smallest gold anion cluster that exhibits the core-shell structure. The size for the 
latter structure appears to be at Au26
-.48 
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Chapter 6 
 
Determination of CO Adsorption Sites on Gold Clusters Aun− (n = 21-25) - A 
Size Region That Bridges the Pyramidal and Core-Shell Structures  
 
 
6.1 Introduction 
While bulk gold is chemically inert, gold nanoparticles show remarkable catalytic 
activities.1-6 Several important reactions have been found to be catalyzed by gold 
nanoparticles, such as epoxidation,7-16 C-C bond formation,17 selective or partial 
oxidation of methanol18-19 and water-gas shift reaction.20-21  In particular, the CO 
oxidation reaction has been studied extensively.22-24 The size, shape, and net charge 
of the gold clusters can have a great effect on their chemical activity towards CO 
oxidation.25-29 The smaller gold clusters show higher reactivity towards CO and 
O2.
30-31 The role of the support is also vital.6,32-34 The gold clusters tend to become 
more reactive for the CO oxidation when they are supported on oxide surfaces, in 
particular, reducible oxide surfaces. 35-38 The charge transfer from the oxide support 
to the gold cluster is responsible for the enhanced activity of the cluster.35-36,39 
There have been numerous studies devoted to the understanding of CO or O2 
adsorption on gold clusters.40,51 For example, the O2 binding is shown only by certain 
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even numbered anionic gold clusters52-56 whereas anionic44-47, 57, neutral58 and 
cationic59  gold clusters are capable of binding CO on their surface. Several studies 
have shown that the CO adsorbs on the low-coordinated apex or corner atoms of the 
gold clusters.41,45-47,60-61 Generally the structures of the gold clusters exhibit little 
change upon adsorption of single CO molecule.41, 45, 57-58, 61 For example, the Au17
− 
cage remains intact in Au17CO
−, while the Au16
− and Au18
− cages undergo minor 
structural change to optimize the interactions with CO.62 Adsorption of multiple CO 
molecules can induce significant change in the small-sized gold cluster structures.42, 
46, 60, 63 A unique 2D-3D-2D structural transition is observed upon subsequent 
adsorption of four CO molecules in the case of Au7
−.42 In our previous studies, we 
observed that the chemisorption of CO on gold clusters induces decrease in the 
binding energies of the host clusters.41-42, 47 This decrease in the binding energies 
upon CO chemisorption enhances the O2 co-adsorption, which requires electron 
transfer from the host gold cluster to O2. 
In order to understand the interaction between CO and gold clusters, the cluster size 
is of principal importance. The size range of Aun
− (n = 21−25) is particularly 
interesting, because in this range more than one structural transition occur, as well 
as coexistence of different structures for each size. In our previous studies, we 
showed that several different structural motifs such as pyramidal, hollow-tubular, 
fused-planar and core-shell can be seen in this size range.64-65 
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                 In this chapter, we report a joint photoelectron spectroscopy (PES) and 
Density functional theory (DFT) study of the interaction of a single CO molecule 
with the gold clusters in this special size range of Aun
− (n = 21-25). To our 
knowledge, this size range of gold clusters is the largest one thus far for the PES 
experimental study of CO binding. 
6.2 Methodology 
6.2.1 Experimental Methods.  
The experiment was carried out using a magnetic-bottle PES apparatus equipped 
with a laser vaporization cluster source, details of which have been published 
elsewhere.1, 71-72 Briefly, a gold disk target was vaporized by a pulsed laser to 
generate a plasma inside a large-waiting-room cluster nozzle. A high-pressure 
helium carrier gas pulse was delivered to the nozzle simultaneously, cooling the 
plasma and initiating nucleation. For the CO chemisorption experiment, we used a 
helium carrier gas seeded with 0.01% CO, which reacts with the gold clusters inside 
the nozzle to form various Aun(CO)m
− complexes. A low CO concentration was used 
to optimize the formation of one CO chemisorbed complexes. Clusters formed inside 
the nozzle were entrained in the helium carrier gas and underwent a supersonic 
expansion. After a skimmer, anions from the collimated cluster beam were extracted 
at 90° into a time-of-flight mass spectrometer. Clusters of interest were selected by 
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a mass gate and decelerated before being photodetached by a 193 nm laser beam 
from an ArF excimer laser. Photoelectrons were collected by a magnetic bottle at 
nearly 100% efficiency into a 3.5 m long electron flight tube for kinetic energy 
analyses. The photoelectron kinetic energies were calibrated by the known spectra 
of Au− and subtracted from the photon energies to obtain the reported electron 
binding energy spectra. The electron kinetic energy resolution of our apparatus is 
ΔEk /Ek ~2.5%, i.e., approximately 25 meV for 1 eV electrons.  
6.2.2 Theoretical Methods.  
The basin-hopping (BH) global optimization method in combination with DFT 
optimization was used for the search of global-minimum structures of the CO-
adsorbed Aun
− clusters in the size range under study. During the BH search, after 
each accepted move, the resulting local-minimum geometry was further optimized 
by using generalized gradient approximation (GGA) with the 
Perdew−Burke−Ernzerhof (PBE) exchange−correlation functional73 and the double-
numerical polarized (DNP) basis set with effective core potential (ECP), 
implemented in the DMOL3 4.0 program.74-75 More than 1500 isomers were 
collected for each cluster size. The top 40-60 low-energy isomers obtained from the 
BH global optimization were considered as candidates for the lowest-lying 
structures. These candidates were re-optimized using the PBE0 functional76 with the 
CRENBL-ECP77 basis set implemented in the Gaussian16 package.78 During the re-
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optimization for each cluster, some of the structures were found to converge to the 
same geometry. Next, single-point energy computations of the reoptimized 
geometries were performed using the PBE0 functional with CRENBL-ECP basis set  
and with inclusion of the SO effects for the gold atoms, all implemented in the 
NWCHEM 6.6 package79. The inclusion of SO effects for gold has been proven to 
result in quantitative match between the experimental and simulated PES spectra for 
pure gold and gold−alloy anion clusters.65, 80-83 The first vertical detachment energy 
(VDE) was calculated as the energy difference between the neutral and anion at the 
PBE0-optimized anion geometry. The binding energies of deeper occupied orbitals 
were added to the first VDE to generate electronic density of states. Each VDE was 
fitted with a Gaussian of 0.035 eV width to yield simulated PES spectra, which were 
compared with the experimental PES spectra to identify the lowest-energy 
structures. The energy gap (eV) between the first and second highest occupied 
molecular orbitals, representing the gap between peaks labeled X and A or peaks 
labeled X′ and A′, was also calculated for all the candidate isomers. 
6.3 Results 
The experimental photoelectron spectra of AunCO
− (n = 21−25) at 193 nm (6.424 
eV) photon energy and their comparison with the theoretical photoelectron spectra 
of the lowest-lying isomers are shown in Figures 6.2-6.6, respectively. The observed 
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features are labeled by capital letters X, A, B, C,..., where X denotes the transition 
from the ground state of the anion to that of the neutral, and A, B, C, ... denote 
detachment transitions to the excited states of the neutral cluster. Weaker features 
labeled with X′, X′′, A′, A′′ ...  indicate they are from minor isomers. Also, in some 
figures, the weak features are labeled with *, representing the presence of 
unidentified minor isomers. For the sake of discussion, the 193 nm experimental 
PES along with the theoretical spectra of assigned structures of pristine gold clusters, 
Aun
− (n = 21-25) from a recent study65 are also presented in Figures 6.2-6.6. The 
experimental first VDEs and the energy gap (energy difference between peaks 
labeled X and A and/or peaks labeled X' and A') are given in Table 6.1, along with 
the computed first VDEs and relative energies calculated at the PBE0/CRENBL-
ECP (with and without the inclusion of spin−orbit (SO) effects for gold) level of 
theory for the top candidates. Note that a systematic shift to the lower binding energy 
side is typically observed in the theoretical VDEs with respect to the experimental 
one due to the SO coupling used for the theoretical calculations. Because of this, we 
did not directly compare the first VDE values obtained from experimental and 
theoretical PES. Instead, in Figure 6.1 we show the change of experimental and 
theoretical X-A energy gaps of the assigned major isomers with respect to number 
of gold atoms. The theoretical X-A energy gaps show excellent agreement with the 
experimental values with an average deviation of 0.025 eV. Further, we calculated 
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root-mean-square deviation (RMSD) in the spectral peak positions for the isomers 
presented in Table 6.1, and Figures 6.2-6.6.  In case where more than one isomer is 
assigned, the RMSD in spectral peak positions is also calculated for the overlay of 
the spectra of the major and minor isomers (Table A4.11 of Appendix 4). The first 
peak of the simulated spectra was aligned with the first experimental VDE (X) and 
then the RMSD was calculated for the subsequent peaks of the simulated spectra 
with respect to the corresponding experimental peaks. The RMSD values given in 
Tables 6.1 and A4.11, and the X-A gap comparison shown in the Figure 6.1 all 
confirm that the selected level of theory is appropriate for the AunCO
− species in the 
current study. Note that in our previous studies, we have successfully used a 
combination of visual inspection, relative energy comparison, and  RMSD in 
spectral peak positions for the identification of the global-minimum structures of 
bare and alloy gold clusters.66-67  For each cluster size, the structures are named with 
roman numerals (I, II, III….) which are based on the order of increasing energies at 
PBE0/CRENBL-ECP level of theory. Hereafter, the PBE0/CRENBL-ECP and 
PBE0/CRENBL-ECP//PBE0/CRENBL-ECP (with SO effects for Au) levels of 
theory are referred to as PBE0 and SO-PBE0, respectively 
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Table 6.1. Experimental first VDE labeled as X, X' or X'' in Figures 6.2-6.6, the energy gap 
between peaks labeled X and A and/or peaks labeled X' and A' from the 193 nm PE spectra for 
AunCO
− (n = 21 - 25), point group, relative energies computed at PBE0/CRENBL-ECP (∆Ea) and 
PBE0/CRENBL-ECP (with SO effects for Au) (∆Eb) levels (with all isomers being optimized at 
the PBE0/CRENBL-ECP level), theoretical first VDE, energy gaps (X-A and/or X'- A') and root-
mean-square deviation (RMSD) in the theoretical peak positions with respect to the experimental 
peak positions. All energies are in eV.  
Anion 
Cluster 
Experimentala Theoretical 
VDE  Gap Isome
r 
Point 
group 
∆Ea ∆Eb VDE Gap RMS
D 
Au21CO− 3.92 (X) 
3.81 (X') 
0.35 (X-A) 
0.52 (X'-
A') 
IV C1 0.174 0.115 3.744 0.373 0.012 
II Cs 0.024 0.043 3.650 0.552 0.024 
I Cs 0.000 0.000 3.452 0.753  
Au22CO− 3.37 (X) 
3.45 (X') 
3.74 (X'') 
0.59 (X-A) I Cs 0.000 0.000 3.218 0.592 0.009 
III C1 0.102 0.095 3.329 0.428 0.015 
IV C1 0.130 0.124 3.587 0.123 0.042 
II C1 0.096 0.128 3.154 0.855  
Au23CO− 3.69 (X) 0.12 (X-A) VII C1 0.069 0.079 3.820 0.121 0.021 
I C1 0.000 0.000 3.723 0.317  
Au24CO− 3.42 (X) 0.60 (X-A) II C1 0.015 0.003 3.318 0.584 0.063 
I Cs 0.000 0.000 3.700 0.072  
Au25CO− 3.98 (X) 
4.07 (X') 
0.13 (X-A) 
0.17 (X'-
A') 
I Cs 0.000 0.000 3.760 0.177 0.071 
II Cs 0.013 0.029 3.875 0.177 0.039 
III C1 0.068 0.081 3.936 0.063  
a Experimental uncertainty: ±0.01 eV.   
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Figure 6.1. Experimental and theoretical X-A gaps of AunCO
− (n = 21-25) versus the number of 
gold atoms. 
6.3.1 Au21CO−.  
The 193 nm spectrum (Figure 6.2c) of Au21CO
− shows three well resolved bands 
labelled A, B and D at 4.27, 4.42 and 4.68 eV, respectively; and three broad bands 
labelled X', X and C around ~3.80, ~3.90 and ~4.50 eV. Band A possesses a shoulder 
band labelled A' on its higher binding side at 4.33 eV. The relatively lower intensities 
of bands X' (compared to X) and A' (compared to A) along with the presence of 
weak features D' and E' at 4.84 eV and 5.08 eV, respectively suggest the presence of 
minor isomers in the cluster beam. Beyond band E', the PES spectrum signals are 
almost continuous, and no definitive PES bands can be identified. The PES spectrum 
of Au21CO
− differs significantly from that of the Au21
− (Figure 6.2a). 
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        We examined a total of 43 low-lying structures. The simulated spectra of 
isomers I, II and IV are compared with the experimental 193 nm spectrum in Figure 
2c-e. The simulated spectra of the rest of the isomers can be found in the Appendix 
4. Isomers I, II and III (Tables 6.1 and A4.1) are almost degenerate at both PBE0 
and SO-PBE0 levels of theory with isomer I being the lowest energy isomer at both 
the levels. Isomer IV is slightly higher in energy at both PBE0 (0.174 eV) and SO-
PBE0 (0.115 eV) levels of theory. A combination of the simulated spectra of isomer 
IV and II (with isomer IV being as the major and isomer II as a minor contributor 
towards the experimental PES spectrum) is also presented in Figure 6.2d. The 
intensities of the bands of minor isomer II are reduced to 90% for better 
visualization. Despite a systematic red shift of around 0.18 eV, isomers IV and II 
can successfully reproduce X-A and X'-A' (see Table 6.1) gaps, respectively, as well 
as all the major features of the experimental spectrum; with bands X, A, B, C and D 
coming from isomer IV while bands X', A', D’ and E' coming from isomer II.   
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Figure 6.2. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au21CO−. 
Features C and D are also present in the simulated spectrum of isomer II but are 
buried under those of isomer IV. Lowest energy isomer I can be neglected for 
assignment since its spectrum is unable to reproduce bands X, A, A' and B of 
experimental spectrum. Also, the energy gap in case of isomer I is much larger than 
that of the experimental PES spectrum. Note that although isomer I and II are 
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structurally and energetically very similar, we only assign isomer II as the minor 
isomer because a combination of isomer IV as the major and isomer II as a minor 
gives a very small RMSD of 0.018 in the spectral peak positions. On the other hand, 
a combination of isomer IV as the major and isomer I as a minor is presented in 
Figure A4.33, giving a relatively large RMSD of 0.310 in the spectral peak positions. 
Because of the lack of bands X', X and C in its simulated spectrum (Figure 
A6.1(III)), isomer III can be also ruled out. Hence isomer IV is assigned as the major 
and isomer II is assigned as the minor isomer in the case of Au21CO
−. Note that the 
hollow-tubular structure of major isomer IV is derived directly from that of the major 
isomer I of the bare Au21
−cluster. The minor isomer II contains the pyramidal Au20 
motif and is directly derived from isomer V of bare Au21
−cluster.65  
6.3.2 Au22CO−.  
The 193 nm spectrum (Figure 6.3c) of Au22CO
− shows three broad bands X, X' and 
X'' at ~3.35, ~3.45 and ~3.75 eV respectively; and three well resolved bands labeled 
A, D and E at 3.96, 4.66 and 4.95 eV, respectively. The bands A and D are relatively 
sharp while bands B, C' and D'' at 4.27, 4.33 and 4.40 eV, respectively, are closely 
spaced. Relatively weak bands X', X'', C', D'' and E' indicate the presence of minor 
isomers in the cluster beam. The 193 nm spectrum displays continuous signals 
beyond 5.0 eV. Note that the PES spectrum of Au22CO
− differs significantly from 
that of the Au22
− (Figure 6.3a), indicating that CO either induces an appreciable 
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geometry change in the gold cluster or favors to bind with some higher-energy 
isomers of bare Au22
−.  
A total of 51 isomers were examined, out of which the theoretical spectra of top four 
lowest-lying isomers are compared with that of the 193 nm experimental spectrum 
in Figure 6.3c-e. Isomer I is the lowest-energy isomer at both PBE0 and SO-PBE0 
levels of theory. At PBE0 level, isomer II is the second lowest in energy but at SO-
PBE0 level isomer III is the next lowest energy isomer behind isomer I. Isomers II-
IV are very close in energy at both theoretical levels. Considering isomer I as the 
major and isomers III, IV as the minor contributors towards the experimental 
spectrum, an overlay of the simulated spectra of isomers I, III and IV is also 
presented in Figure 6.3d. The peak intensities in the spectra of the minor isomers III 
and IV are reduced to 90% for better visualization. 
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Figure 6.3. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au22CO−. 
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The spectra of these three isomers can successfully reproduce all the bands present 
in the experimental spectrum, with bands X, A, B, D  and E coming from isomer I, 
bands X', C' and E' coming from isomer III and bands X'' and D'' coming from isomer 
IV. The other spectral features of isomers III and IV are buried under the bands A 
and E of the spectrum of isomer I. The X-A gap value of isomer I is very close to 
the corresponding value from the experimental spectrum. Isomer II can be ruled out 
because its simulated spectrum cannot reproduce bands X', X'', A and E. The absence 
of band A results in a much larger gap (0.855 eV) between its first two bands of the 
spectrum of isomer II. Thus, on the basis of both the simulated spectra and the 
computed energetics, we assigned isomer I as the major and isomers III, IV as the 
minor isomers.  
The fused-planar major isomer I of Au22CO
− does not resemble any of the structures 
of bare Au22
− isomers determined from our previous study.65 This means that CO 
induces appreciable structural change in the gold cluster upon CO adsorption. The 
minor isomers III and IV of Au22CO
−, both of which possess hollow-tubular 
structures, are derived from the major isomer II and minor isomer III of their bare 
counterparts.65 
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6.3.3 Au23CO−.  
The 193 nm spectrum (Figure 6.4d) of Au23CO
− shows three broad bands labelled 
X, A and B at ~3.70, ~3.80 and 4.0 eV respectively; followed by four relatively sharp 
bands labelled C, D, E and * at 4.27, 4.52, 4.84 and 5.04 eV respectively. Compared 
to other bands the band E is relatively weak. Beyond band labeled as *, the PES 
spectrum signals are continuous, and no definitive PES bands can be identified. The 
PES spectrum of Au23CO
− looks somewhat simpler than that of the bare Au23
− 
(Figure 6.4a), indicating the presence of a single dominant isomer in the cluster 
beam. Also, the spectral patterns of Au23CO
− and Au23
− are quite different, 
suggesting CO inducing a notable change in the host gold cluster. 
Top 38 low-lying structures were examined and isomer I was found to be the lowest-
energy candidate at both the theoretical levels. At PBE0 and SO-PBE0 levels a total 
of eleven and nine structures, respectively, are within relative energy of 0.1 eV. It 
must be noted that a systematic blue shift instead of a red shift is observed in the 
case of the simulated spectra of all the low-lying candidates of Au23CO
−. This seems 
to be unique electronic property of the 23 atom gold cluster anion since it is also 
seen in the case of the bare Au23
− cluster in our previous study.65 The theoretical 
spectrum of isomer VII can successfully reproduce most of the bands (X, A, B, C, 
D and E) present in the experimental spectrum. The X-A gap (0.121 eV) of isomer 
VII is also matches pretty well with that of the experimental spectrum (0.12 eV). 
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The theoretical spectrum of isomer I does not seem to exhibit bands A and C of the 
experimental spectrum. 
 
Figure 6.4. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au23CO−. 
The absence of band A leads to a larger X-A gap (0.317 eV) in the case of isomer I. 
Based on the relative energies, and X-A gap comparison with experiment, all the 
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other low-lying candidates except isomer V can be ruled out for the assignment. 
Isomer V can be also ruled out because its simulated spectrum seem not exhibiting 
bands D, E and has an extra band between bands B and C. Thus, isomer VII is 
identified as the only structure in the cluster beam of Au23CO
−. It must be noted that 
the band labeled as * is not reproduced by the theoretical spectrum of isomer VII, 
indicating the presence an unidentified minor isomer in the cluster beam. 
In Figure 6.4b, we present an alternative assignment for bare Au23
− cluster, which is 
different from the one presented in the previous study.65 We assign hollow-tubular 
isomer IX with C2V symmetry as the major and fused-planar isomer V as the minor 
isomer. This combination can successfully reproduce most of the bands of the 
experimental PES spectrum with bands X, A, B, C and D coming from isomer IX 
and bands C' and D' coming from isomer V. The previous assignment for bare Au23
−, 
is also presented in Figure 6.4c for comparison. For more details such as relative 
energies and X-A gap, please refer to our previous paper.65 The assigned fused-
planar isomer VII of Au23CO
− does not resemble any of the structures of bare Au23
− 
clusters. This means again that CO induces marked structural change in the gold 
cluster upon CO adsorption. 
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6.3.4 Au24CO−.  
The 193 nm spectrum (Figure 6.5c) of Au24CO
− displays a broad band labeled as X 
at ~3.40 followed by two closely-spaced bands A and B at 4.02 and 4.09 eV, 
respectively and two sharp bands labeled as C and D at 4.33 eV and 4.56 eV, 
respectively. There is an unresolved shoulder (labeled as *) to the band X on its low 
binding-energy side (~3.30 eV). No discernible PES spectral features are observed 
beyond the band D. Upon comparison with the PES spectrum of bare Au24
−, it seems 
that upon CO adsorption the PES spectrum becomes much simplified. This indicates 
that all the major features of the experimental spectrum of Au24CO
− must come from 
a single isomer. Overall, the PES spectrum of Au24CO
− looks quite different from 
that of the bare Au24
− (Figure 6.5a), indicating that the structure of CO adsorbed 
Au24
− cluster differs notably from that of the bare Au24
−. 
A total of 46 isomers were examined and isomers I and II emerged as the top two 
candidates at both PBE0 and SO-PBE0 levels of theory. The theoretical spectrum of 
isomer seems to match quite well with experimental spectrum as it can reproduce all 
the bands X, A, B, C and D of the experimental spectrum.  Isomer I can be ruled out 
due to the absence of bands X and C in its simulated spectrum. For now, we assign 
isomer II as the single isomer present in the cluster beam but there is a possibility of 
a minor isomer owing to the presence of the weak feature on low binding-energy 
side of the X band in experimental spectrum. 
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Figure 6.5. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au24CO−. 
The assigned fused-planar isomer II of Au24CO
− is derived directly from that of the 
isomer VII of bare Au24
− cluster. The CO adsorption seems to stabilize a high energy 
structure of bare Au24
−.  
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6.3.5 Au25CO−.  
The 193 nm spectrum (Figure 6.6c) of Au25CO
− displays four congested bands 
labeled X, X', A and A' at 3.98, 4.07, 4.11 and 4.24 eV respectively; followed by 
three relatively well-spaced bands labeled B, C' and C at 4.45, 4.54 and 4.74 eV 
respectively. Following band C there are present two weak bands labeled D and D' 
at 4.82 and 4.87 eV, respectively. Beyond 5 eV, no identifiable features are observed 
in the 193 nm PES spectrum. The PES spectrum of Au25CO
− is even more congested 
than that of the bare Au25
− (Figure 6.6a). The two PES spectra look quite different, 
suggesting that the structures of CO adsorbed Au25
− cluster is different from that of 
the bare Au25
−. 
A total of 58 isomers were examined, and isomers I, II and III emerged as top 
candidates with very close energies at both PBE0 and SO-PBE0 levels of theory. 
Isomers I and II are considered as major and minor contributors, respectively, and 
overlay of their theoretical spectra is presented in Figure 6.6d. The peak intensities 
in the spectrum of the minor isomer II are reduced to 90% for better visualization. 
The spectrum of isomer III is shown in Figure 6.6e for the sake of discussion. All 
the bands of the experimental spectrum are well reproduced by the combined spectra 
of isomer I and II with bands X, A, B, C and D coming from isomer I and bands X', 
A', C' and D' coming from isomer II. The absence of bands X', A, C', D and D' in the 
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simulated spectrum of isomer III and a very small X-A gap compared to the 
experimental data rule out isomer III as a candidate. 
 
 
Figure 6.6. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au25CO−. 
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The major and minor isomers of Au25CO
− both possess the same fused-planar Au 
skeleton of the isomer I of bare Au25
− cluster.65 It must be noted that although the 
bare Au25
− cluster has a hollow-tubular structure, the CO prefers to adsorb on the 
fused-planar one. 
6.3.6 Adsorption Energies, HOMO-LUMO gap, and Bader charges.  
The adsorption energies of CO on the Aun
− clusters is calculated as follows: 
ΔEads = EZPE, BSSE(AunCO−) – EZPE(Aun−) – EZPE(CO) 
where E represents the electronic energy. The subscript ZPE represents that the 
electronic energy includes with the zero-point energy correction. For cluster-CO 
(AunCO
−) complexes, the basis set superposition error (BSSE) was taken into the 
account in which gold cluster Aun
− and CO were treated as two separate fragments. 
A more negative value of ΔEads reflects more favorable adsorption. The change in 
the calculated ΔEads and the HOMO-LUMO (H-L) gaps of the assigned major 
isomers of Aun
− and AunCO
− clusters with respect to number of gold atoms n are 
shown in Figures 6.7a and 6.7b, respectively. The HOMO and LUMO levels of the 
Aun
−, AunCO
− clusters, and CO molecule are compared in Figures A4.34-A4.38. We 
note that the Aun
− clusters here were constructed by removing the CO molecule from 
the corresponding AunCO
− clusters. Among the five clusters, Au23CO
− shows the 
most favorable adsorption of CO while Au25CO
− shows the least favorable 
155 
 
adsorption. The H-L gaps show an even-odd trend, with the closed orbital clusters 
(n = 21, 23, 25) exhibiting higher H-L gaps. Upon adsorption of CO, the gap 
increases in case of n = 23 and 24 but decreases in case of n = 21, 22 and 25 with 
Au23CO
− showing the largest increase and Au25CO
− showing the largest decrease. 
To gain deeper insight into the mechanism of CO adsorption, we perform the Bader 
charge analysis68-70 of the AunCO
− clusters. The Bader charges (Bc) of the Aun
− and 
CO fragments of the AunCO
− cluster are presented in Figure 6.7c. A small charge 
transfer from Aun
− to CO is observed in case of n = 21-24 while charge transfer in 
reverse direction (from CO to Aun
−) is observed for n = 25. 
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Figure 6.7.  Size dependences of adsorption energies (ΔEads), HOMO-LUMO (H-L) gaps, and 
Bader charges (Bc) the global-minimum AunCO
− (n = 21-25) clusters.  
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6.3.7 Structural Evolution of AunCO− (n = 21-25). The identified global-minimum 
structures for the CO-adsorbed gold cluster anions are shown in Figure 6.8. This 
special size range is known for exhibiting a variety of bare-gold structures, including 
pyramidal, hollow-tubular, and fused-planar. For n = 21, the major isomer possesses 
a hollow-tubular structure, while the most stable pyramidal Au20 motif seems to be 
present in the minor isomer. A transition from hollow-tubular to fused-planar 
structure is observed at n = 22. The fused-planar structures remain dominant in the 
n = 22-25 range, as the major isomer of Au22CO
−, singly assigned isomers of 
Au23CO
− and Au24CO
− as well as the major and minor isomers of Au25CO
− all exhibit 
the fused-planar structures. The minor isomer of Au22CO
− possesses a hollow-
tubular structure. 
 
Figure 6.8.  Structural evolution of the CO adsorbed gold cluster anions AunCO
− (n = 21 - 25). 
The size of the minor isomers is plotted smaller than that of the major isomers. 
As seen in Figure 6.8, the CO molecule prefers to adsorb predominantly on the apex-
sites of the Aun
− clusters. The minor isomer of Au25CO
− is the only exception where 
Au21CO
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-
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-
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the CO molecule adsorbs on a non-apex and somewhat flat surface site. The Au 
atoms of the apex-sites are typically coordinated to 5 and 4 neighboring Au atoms 
while the Au atom of the surface site is coordinated to 5 of the neighboring Au atoms. 
6.4 Conclusion 
In summary, a combined theoretical and experimental photoelectron spectroscopy 
study of adsorption of carbon monoxide on a special size range of gold anion 
clusters, Aun
−(n = 21−25) is reported. Photoelectron spectra are obtained for these 
clusters and used to compare with theoretical calculations for structure elucidation. 
The BH search for this size range yielded diverse structures for the CO-adsorbed 
gold clusters, such as pyramidal, fused-planar, and hollow-tubular. Transition from 
the hollow-tubular to fused planar structures for host Aun
− and CO adsorption on the 
apex-sites is observed. The n = 23 size is the most favorable for CO adsorption as it 
possesses the highest adsorption energy, and the computed HOMO-LUMO gap, also 
increases upon the adsorption CO. We speculate that the Au23
− cluster might be a 
good model catalytic system among the five clusters. As the activation barrier to the 
reaction also depends on other factors such as change in the electronic structure of 
the catalyst upon reactant adsorption, and the local cone angle and local coordination 
number of the active Au sites31, computation of the full reaction profile in future 
study would be needed to confirm our speculation of high catalytic activity of Au23
−. 
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Appendix 1 
 
Table A1.1. Experimental vertical detachment energies (VDEs) AuAl6
-. All energies are in eV. 
Observed Features VDE (exp)[a] 
X 2.83(3) 
A 2.96(3) 
B 3.19(3) 
C 3.85(5) 
D 3.97(5) 
[a]  Numbers in parentheses represent the uncertainty in the last digit. 
 
Table A1.2. Experimental vertical detachment energies (VDEs) of Au2Al5
-. All energies are in eV. 
Observed Features VDE (exp) 
X 2.71(3) 
A 2.80(3) 
B 3.51(4) 
C 3.86(5) 
D 3.98(6) 
X‘ ~2.9 
A‘ ~3.2 
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Table A1.3. Experimental vertical detachment energies (VDEs) of Au3Al4
-. All energies are in eV. 
Observed Features VDE (exp) 
X 2.28(4) 
A 2.99(4) 
B 3.71(4) 
C 3.95(4) 
D 4.13(5) 
E 4.41(6) 
F 4.66(6) 
G 4.9(1) 
X‘ 
A‘ 
~2.9 
~3.2 
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Table A1.4. Experimental vertical detachment energies (VDEs) AuAl7
-. All energies are in eV. 
Observed Features VDE (exp) 
X 2.30(4) 
A 2.48(4) 
B 2.80(4) 
C 3.32(4) 
D 3.44(4) 
E 3.65(4) 
F 4.16(6) 
G 4.32(6) 
H 
I 
4.46(6) 
4.65(7) 
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Table A1.5. Experimental vertical detachment energies (VDEs) of Au2Al6
-. All energies are in eV. 
Observed Features VDE (exp) 
X 2.41(4) 
A 2.92(3) 
B 3.06(3) 
C 3.18(3) 
D 3.94(5) 
E 4.08(5) 
F 4.25(6) 
G 4.41(6) 
H 5.0(1) 
 
Table A1.6. Experimental vertical detachment energies (VDEs) of Au3Al5
-. All energies are in eV. 
Observed Features VDE (exp) 
X 2.53(3) 
A 2.69(3) 
B 2.82(3) 
C 3.60(4) 
D 3.72(4) 
E 3.93(5) 
F 4.04(5) 
G 4.4(1) 
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Figure A1.1. Comparison of the simulated spectra for the isomers III to VI of AuAl6− with the 
193 nm experimental spectra. 
 
 
 
  
Figure A1.2. Comparison of the simulated spectra for the isomers III to X of Au2Al5− with the 
193 nm experimental spectra.  
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Figure A1.3. Comparison of the simulated spectra for the isomers III to V and VII to XI of 
Au3Al4− with the 193 nm experimental spectra.  
 
 
 
 
Figure A1.4. Comparison of the simulated spectra for the isomers III and V to XV of AuAl7− 
with the 193 nm experimental spectra.  
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Figure A1.5. Comparison of the simulated spectra for the isomers IV to VII of Au2Al6− with the 
193 nm experimental spectra.  
 
 
 
Figure A1.6. Comparison of the simulated spectra for the isomers IV to VI of Au3Al5− with the 
193 nm experimental spectra 
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Appendix 2 
 
Table A2.1. Experimental vertical detachment energies (VDEs) Au2Al3
−. All energies are in eV. 
Observed Features VDE (exp)[a] 
X 2.03(4) 
* 2.75(5) 
A 3.06(4) 
B 3.61(4) 
C ~5.1 
[a]  Numbers in parentheses represent the uncertainty in the last digit. 
 
 
 
Table A2.2. Experimental vertical detachment energies (VDEs) Au2Al4
−. All energies are in eV. 
Observed Features VDE (exp)[a] 
X 2.20(4) 
A 2.32(3) 
B 2.52(3) 
C ~3.0 
D ~3.3 
E 3.60(4) 
F 3.73(4) 
G ~4.3 
[a]  Numbers in parentheses represent the uncertainty in the last digit. 
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Table A2.3. Experimental vertical detachment energies (VDEs) Au2Al7
−. All energies are in eV. 
Observed Features VDE (exp)[a] 
X 2.45(3) 
X‘ 2.76(4) 
A 3.16(4) 
B 3.35(4) 
C 3.61(4) 
D 4.2(1) 
E ~5.0 
[a]  Numbers in parentheses represent the uncertainty in the last digit. 
 
 
 
 
Table A2.4. Experimental vertical detachment energies (VDEs) Au2Al8
−. All energies are in eV. 
Observed Features VDE (exp)[a] 
X‘ 2.62(3) 
X 2.78(2) 
A‘ 3.00(2) 
A 3.16(2) 
B 3.42(4) 
C 3.74(4) 
D 4.05(6) 
E 4.37(6) 
[a]  Numbers in parentheses represent the uncertainty in the last digit. 
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Table A2.5. Experimental vertical detachment energies (VDEs) Au2Al9
−. All energies are in eV. 
Observed Features VDE (exp)[a] 
X 2.89(2) 
A 3.15(2) 
B 3.28(2) 
C 3.53(3) 
D 3.70(3) 
E 3.92(4) 
F ~4.7 
[a]  Numbers in parentheses represent the uncertainty in the last digit. 
 
 
Table A2.6. Experimental vertical detachment energies (VDEs) Au2Al10
−. All energies are in eV. 
Observed Features VDE (exp)[a] 
X 2.68(2) 
A 3.07(2) 
B 3.22(2) 
C 3.45(4) 
D 3.54(3) 
E 3.85(3) 
F 4.13(4) 
G ~4.3 
H ~5.0 
[a]  Numbers in parentheses represent the uncertainty in the last digit. 
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Table A2.7. Experimental vertical detachment energies (VDEs) Au2Al11
−. All energies are in eV. 
Observed Features VDE (exp)[a] 
* 1.68(5) 
a 2.30(6) 
X 3.10(1) 
A 3.21(1) 
B 3.37(3) 
C 3.59(3) 
D 3.77(3) 
E 3.84(3) 
F 4.2(1) 
G 4.4(1) 
[a]  Numbers in parentheses represent the uncertainty in the last digit. 
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Table A2.8.  Relative energies (in eV) of the top fifteen candidate isomers of Au2Al3
− computed 
at the PBE0/aug-cc-pVDZ, SO-PBE0/aug-cc-pVDZ and CCSD(T)/aug-cc-pVDZ levels (with all 
isomers being optimized at the PBE0/aug-cc-pVDZ level), theoretical first VDE (in eV) and the 
energy gap (eV) between HOMO1 and  HOMO2  orbitals (representing gap between peaks 
labelled X and A). 
Au2Al3− ∆E 
(PBE0/aug-cc-
pVDZ) 
∆E 
(SO-
PBE0/aug-cc-
pVDZ) 
∆E 
(CCSD(T)/aug-
cc-pVDZ) 
VDE 
(Theoretical) 
X-A gap 
I  (Mult= 3) 0 0.097 0.055 1.595 1.217 
II 0.154 0.021 0 1.788 1.081 
III 0.17 0 0.158 2.06 0.952 
IV (Mult =3) 0.172 0.07 0.295 2.111 0.686 
V (Mult= 3) 0.198 0.208 0.226 1.693 1.296 
VI (Mult= 3) 0.202 0.128 0.237 1.957 0.986 
VII (Mult= 
3) 
0.215 0.303 0.147 1.454 1.45 
VIII 0.219 0.103 0.084 1.626 1.228 
IX (Mult= 3) 0.242 0.357 0.378 1.826 1.656 
X (Mult= 3) 0.246 0.581 0.24 1.08 1.749 
XI 0.319 0.212 0.252 1.678 1.393 
XII 0.348 0.286 0.278 2.115 0.909 
XIII (Mult= 
3) 
0.443 0.361 0.547 2.226 0.562 
XIV 0.445 0.426 0.48 2.165 0.987 
XV 0.602 0.284 0.435 1.485 1.446 
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Table A2.9.  Relative energies (in eV) of the top fifteen candidate isomers of Au2Al4
− computed 
at the PBE0/aug-cc-pVDZ, SO-PBE0/aug-cc-pVDZ and CCSD(T)/aug-cc-pVDZ levels (with all 
isomers being optimized at the PBE0/aug-cc-pVDZ level), theoretical first VDE (in eV) and the 
energy gap (eV) between HOMO1 and  HOMO2  orbitals (representing gap between peaks 
labelled X and A). 
Au2Al4− ∆E  
(PBE0/aug-
cc-pVDZ) 
∆E 
(SO-
PBE0/aug-
cc-pVDZ) 
∆E 
(CCSD(T)/aug-cc-
pVDZ) 
VDE 
(Theoretical) 
Gap 
I 0 0 0 2.239 0.024 
II 0.179 0.158 0.303 2.302 0.254 
III 0.311 0.394 0.333 2.312 0.148 
IV 0.316 0.273 0.313 2.16 0.035 
V 0.316 0.39 
 
2.319 0.222 
VI 0.372 0.372 
 
2.186 0.056 
VII 0.377 0.44 
 
2.077 0.041 
VIII 0.397 0.431 
 
2.05 0.063 
IX 0.422 0.411 
 
2.173 0.096 
X 0.445 0.435 
 
2.193 0.018 
XI 0.446 0.482 
 
2.077 0.227 
XII 0.478 0.529 
 
2.608 0.047 
XIII 0.498 0.539 
 
2.598 0.045 
XIV 0.503 0.541 
 
2.153 0.055 
XV 0.542 0.661 
 
2.545 0.046 
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Table A2.10.  Relative energies (in eV) of the top seventeen candidate isomers of Au2Al7
− 
computed at the PBE0/aug-cc-pVDZ, SO-PBE0/aug-cc-pVDZ and CCSD(T)/aug-cc-pVDZ 
levels (with all isomers being optimized at the PBE0/aug-cc-pVDZ level), theoretical first VDE 
(in eV) and the energy gap (eV) between HOMO1 and  HOMO2  orbitals (representing gap 
between peaks labelled X and A). 
Au2Al7− ∆E  
(PBE0/aug-
cc-pVDZ) 
∆E 
(SO-
PBE0/aug-
cc-pVDZ) 
∆E 
(CCSD(T)/aug-cc-
pVDZ) 
VDE 
(Theoretical) 
X-A gap 
I 0 0.169 0.215 2.671 0.311 
II 0.011 0 0 2.472 0.69 
III 0.012 0.213 0.222 2.824 0.196 
IV 0.064 0.211 0.049 2.944 0.063 
V 0.072 0.147 0.139 2.522 0.521 
VI 0.094 0.106 0.136 2.329 0.716 
VII 0.103 0.203 0.231 2.469 0.715 
VIII 0.123 0.255 
 
2.429 0.721 
IX 0.134 0.229 
 
2.505 0.593 
X 0.137 0.25 
 
2.578 0.491 
XI 0.163 0.378 
 
2.834 0.385 
XII 0.209 0.581 
 
3.076 0.242 
XIII 0.222 0.377 
 
2.638 0.334 
XIV 0.263 0.492 
 
2.648 0.392 
XV 0.266 0.508 
 
2.973 0.241 
XVI 0.29 0.55 
 
2.758 0.422 
XVII 0.334 0.689 
 
3.146 0.2 
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Table A2.11.  Relative energies (in eV) of the top twenty-nine candidate isomers of Au2Al8
− 
computed at the PBE0/aug-cc-pVDZ, SO-PBE0/aug-cc-pVDZ and CCSD(T)/aug-cc-pVDZ 
levels (with all isomers being optimized at the PBE0/aug-cc-pVDZ level), theoretical first VDE 
(in eV) and the energy gap (eV) between HOMO1 and  HOMO2  orbitals (representing gap 
between peaks labelled X and A). 
Au2Al8− ∆E  
(PBE0/aug-
cc-pVDZ) 
∆E 
(SO-
PBE0/aug-
cc-pVDZ) 
∆E 
(CCSD(T)/aug-cc-
pVDZ) 
VDE 
(Theoretical) 
X-A gap 
I 0 0.204 0.144 2.651 0.46 
II 0.051 0 0.373 2.93 0.043 
III 0.06 0.118 0 2.638 0.252 
IV 0.093 0.067 0.012 2.897 0.06 
V 0.108 0.237 0.198 2.518 0.191 
VI 0.11 0.077 0.196 2.611 0.057 
VII 0.121 0.372 0.405 2.625 0.23 
VIII 0.146 0.104 0.091 2.791 0.09 
IX 0.149 0.116 
 
2.445 0.338 
X 0.152 0.216 
 
2.784 0.153 
XI 0.156 0.209 
 
2.97 0.008 
XII 0.161 0.158 
 
2.538 0.294 
XIII 0.163 0.063 
 
2.512 0.1 
XIV 0.189 0.243 
 
2.625 0.131 
XV 0.196 0.166 
 
2.698 0.083 
XVI 0.198 0.21 
 
2.671 0.234 
XVII 0.201 0.232 
 
2.405 0.414 
XVIII 0.203 0.202 
 
2.525 0.132 
XIX 0.21 0.25 
 
2.545 0.036 
XX 0.224 0.227 
 
2.791 0.029 
XXI 0.244 0.347 
 
2.459 0.07 
XXII 0.248 0.354 
 
2.724 0.083 
XXIII 0.253 0.418 
 
2.718 0.059 
XXIV 0.254 0.457 
 
2.665 0.023 
XXV 0.257 0.313 
 
2.704 0.061 
XXVI 0.266 0.355 
 
2.983 0.038 
XXVII 0.269 0.411 
 
2.91 0.082 
XXVIII 0.316 0.439 
 
2.552 0.326 
XXIX 0.357 0.686 
 
2.698 0.426 
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Table A2.12.  Relative energies (in eV) of the top twenty candidate isomers of Au2Al9
− 
computed at the PBE0/aug-cc-pVDZ, SO-PBE0/aug-cc-pVDZ and CCSD(T)/aug-cc-pVDZ 
levels (with all isomers being optimized at the PBE0/aug-cc-pVDZ level), theoretical first VDE 
(in eV) and the energy gap (eV) between HOMO1 and  HOMO2  orbitals (representing gap 
between peaks labelled X and A). 
Au2Al9− ∆E  
(PBE0/aug-
cc-pVDZ) 
∆E 
(SO-
PBE0/aug-
cc-pVDZ) 
∆E 
(CCSD(T)/aug-cc-
pVDZ) 
VDE 
(Theoretical) 
X-A gap 
I 0 0.192 0.339 2.897 0.151 
II 0.006 0.178 0.271 2.797 0.129 
III 0.008 0.274 0.383 2.957 0.192 
IV 0.013 0.113 0.174 3.003 0.176 
V 0.018 0.26 0.333 2.897 0.192 
VI 0.019 0 0 2.764 0.267 
VII 0.068 0.311 0.383 2.897 0.101 
VIII 0.087 0.364 0.461 2.87 0.171 
IX 0.096 0.383 0.483 2.937 0.14 
X 0.1 0.277 0.401 2.671 0.213 
XI 0.113 0.362 0.607 2.665 0.181 
XII 0.135 0.377 
 
2.665 0.211 
XIII 0.155 0.317 
 
2.718 0.31 
XIV 0.167 0.364 
 
2.691 0.362 
XV 0.175 0.398 
 
2.87 0.105 
XVI 0.181 0.423 
 
2.445 0.642 
XVII 0.212 0.428 
 
2.95 0.158 
XVIII 0.228 0.658 
 
2.99 0.254 
XIX 0.287 0.636 
 
3.003 0.043 
XX 0.294 0.627 
 
2.512 0.704 
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Table A2.13.  Relative energies (in eV) of the top sixteen candidate isomers of Au2Al10
− 
computed at the PBE0/aug-cc-pVDZ, SO-PBE0/aug-cc-pVDZ and CCSD(T)/aug-cc-pVDZ 
levels (with all isomers being optimized at the PBE0/aug-cc-pVDZ level), theoretical first VDE 
(in eV) and the energy gap (eV) between HOMO1 and  HOMO2  orbitals (representing gap 
between peaks labelled X and A). 
Au2Al10− ∆E  
(PBE0/aug-
cc-pVDZ) 
∆E 
(SO-
PBE0/aug-
cc-pVDZ) 
∆E 
(CCSD(T)/aug-
cc-pVDZ) 
VDE 
(Theoretical) 
X-A gap 
I 0 0 0 2.625 0.32 
II 0.006 0.123 0.00004 2.731 0.223 
III 0.007 0.02 0.011 2.731 0.11 
IV 0.033 0.139 0.195 2.751 0.309 
V 0.041 0.175 0.112 2.631 0.314 
VI 0.072 0.186 0.223 2.851 0.142 
VII 0.075 0.19 0.155 2.87 0.128 
VIII 0.081 0.122 0.08 2.611 0.409 
IX 0.102 0.203 0.275 2.691 0.144 
X 0.118 0.207 0.192 2.691 0.155 
XI 0.152 0.295 
 
2.738 0.262 
XII 0.157 0.306 
 
2.804 0.168 
XIII 0.167 0.301 
 
2.824 0.209 
XIV 0.19 0.374 
 
2.917 0.09 
XV 0.198 0.357 
 
2.611 0.354 
XVI 0.222 0.351 
 
2.691 0.185 
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Table A2.14.  Relative energies (in eV) of the top twenty-three candidate isomers of Au2Al11
− 
computed at the PBE0/aug-cc-pVDZ, SO-PBE0/aug-cc-pVDZ and CCSD(T)/aug-cc-pVDZ 
levels (with all isomers being optimized at the PBE0/aug-cc-pVDZ level), theoretical first VDE 
(in eV) and the energy gap (eV) between HOMO1 and  HOMO2  orbitals (representing gap 
between peaks labelled X and A). 
Au2Al11− ∆E  
(PBE0/aug-
cc-pVDZ) 
∆E 
(SO-
PBE0/aug-
cc-pVDZ) 
∆E 
(CCSD(T)/aug-
cc-pVDZ) 
VDE 
(Theoretical) 
X-A gap 
I 0 0.007 0.008 2.97 0.064 
II 0.007 0 0.118 2.944 0.094 
III 0.031 0.001 0.05 2.87 0.289 
IV 0.053 0.018 0.119 2.917 0.206 
V 0.061 0.009 0 2.851 0.294 
VI 0.061 0.024 0.076 2.857 0.124 
VII 0.07 0.043 0.063 2.764 0.376 
VIII 0.095 0.05 0.009 2.744 0.311 
IX 0.097 0.102 0.126 2.857 0.223 
X 0.109 0.106 0.136 2.777 0.22 
XI 0.112 0.155 0.101 2.844 0.165 
XII 0.131 0.146 
 
2.924 0.04 
XIII 0.132 0.19 
 
2.87 0.24 
XIV 0.147 0.041 
 
2.625 0.447 
XV 0.15 0.145 
 
2.93 0.123 
XVI 0.154 0.163 
 
2.764 0.344 
XVII 0.194 0.247 
 
2.804 0.338 
XVIII 0.202 0.235 
 
2.744 0.309 
XIX 0.21 0.383 
 
2.877 0.151 
XX 0.212 0.172 
 
2.811 0.264 
XXI 0.213 0.248 
 
2.758 0.194 
XXII 0.213 0.259 
 
2.91 0.164 
XXIII 0.239 0.293 
 
2.758 0.26 
 
184 
 
 
Figure A2.1. 193nm experimental PES (in red) of Au2Al3
− and simulated spectra  (in black) of 
other  top candidates (III – XV). Aluminum and gold atoms are in grey and gold color, 
respectively.  
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Figure A2.2. 193nm experimental PES (in red) of Au2Al4
− and simulated spectra (in black) of 
other  top candidates (III – XV). Aluminum and gold atoms are in grey and gold color, 
respectively.  
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Figure A2.3. 193nm experimental PES (in red) of Au2Al7
− and simulated spectra (in black) of 
other  top candidates (III – XVII). Aluminum and gold atoms are in grey and gold color, 
respectively.  
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Figure A2.4. 193nm experimental PES (in red) of Au2Al8
− and simulated spectra (in black) of 
other  top candidates (I – XVI). Aluminum and gold atoms are in grey and gold color, 
respectively.  
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Figure A2.5. 193nm experimental PES (in red) of Au2Al8
− and simulated spectra (in black) of 
other  top candidates (XVII – XXIX). Aluminum and gold atoms are in grey and gold color, 
respectively.  
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Figure A2.6. 193nm experimental PES (in red) of Au2Al9
− and simulated spectra (in black) of 
other  top candidates (II – XIII). Aluminum and gold atoms are in grey and gold color, 
respectively.  
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Figure A2.7. 193nm experimental PES (in red) of Au2Al9
− and simulated spectra (in black) of 
other  top candidates (XIV – XX). Aluminum and gold atoms are in grey and gold color, 
respectively.  
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Figure A2.8. 193nm experimental PES (in red) of Au2Al10
− and simulated spectra (in black) of 
other  top candidates. Aluminum and gold atoms are in grey and gold color, respectively.  
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Figure A2.9. 193nm experimental PES (in red) of Au2Al11
− and simulated spectra (in black) of 
other top candidates (II – XIV). Aluminum and gold atoms are in grey and gold color, 
respectively.  
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Figure A2.10. 193nm experimental PES (in red) of Au2Al11
− and simulated spectra (in black) of 
other top candidates (XV – XXIII). Aluminum and gold atoms are in grey and gold color, 
respectively.  
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Appendix 3 
 
 
 
Figure A3.1. Experimental PES specturm of Au21
- and simulated spectra of all top candidates. 
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Figure A3.2. Experimental PES specturm of Au22
- and simulated spectra of all top candidates. 
 
196 
 
 
Figure A3.3 Experimental PES specturm of Au23
- and simulated spectra of all top candidates. 
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Figure A3.4. Experimental PES specturm of Au24
- and simulated spectra of all top candidates. 
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Figure A3.5. Experimental PES specturm of Au25
- and simulated spectra of all top candidates. 
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Appendix 4 
 
Table A4.1. Experimental first VDE (eV) labeled X in plots, the energy gap (eV) between peaks 
labeled X and A or peaks labeled X’ and A’ from the 193nm experimental spectra for Au21CO−, 
relative energies (eV) computed at PBE0/ CRENBL-ECP  (∆Ea) and PBE0/CRENBL-ECP(with 
SO effects for Au) (∆Eb) levels (with all isomers being optimized at the PBE0/CRENBL-ECP 
level), theoretical first VDE (eV) and energy gap (eV) 
Isomer ∆Ea ∆Eb VDE Gap 
I 0 0 3.452 0.753 
II 0.024 0.043 3.65 0.552 
III 0.064 0.061 3.459 0.637 
IV 0.174 0.115 3.744 0.373 
V 0.181 0.114 3.578 0.44 
VI 0.203 0.163 3.676 0.415 
VII 0.207 0.158 3.621 0.389 
VIII 0.21 0.139 3.768 0.217 
IX 0.221 0.167 3.599 0.243 
X 0.221 0.229 3.61 0.613 
XI 0.221 0.168 3.636 0.444 
XII 0.225 0.167 3.657 0.353 
XIII 0.23 0.24 3.593 0.664 
XIV 0.257 0.198 3.826 0.275 
XV 0.257 0.269 3.801 0.297 
XVI 0.261 0.264 3.496 0.634 
XVII 0.269 0.293 3.635 0.734 
XVIII 0.28 0.304 3.897 0.502 
XIX 0.281 0.232 3.578 0.345 
XX 0.282 0.274 3.359 0.838 
XXI 0.289 0.236 3.622 0.304 
XXII 0.291 0.293 3.312 0.957 
XXIII 0.292 0.224 3.814 0.107 
XXIV 0.292 0.305 3.67 0.426 
XXV 0.295 0.238 3.684 0.257 
XXVI 0.301 0.255 3.638 0.318 
XXVII 0.313 0.24 3.831 0.082 
XXVIII 0.319 0.279 3.874 0.139 
XXIX 0.328 0.27 3.856 0.155 
XXX 0.328 0.291 3.736 0.245 
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Table A4.2. Experimental first VDE (eV) labeled X in plots, the energy gap (eV) between peaks 
labeled X and A or peaks labeled X’ and A’ from the 193nm experimental spectra for Au21CO− , 
relative energies (eV) computed at PBE0/ CRENBL-ECP  (∆Ea) and PBE0/CRENBL-ECP(with 
SO effects for Au) (∆Eb) levels (with all isomers being optimized at the PBE0/CRENBL-ECP 
level), theoretical first VDE (eV) and energy gap (eV) 
Isomer ∆Ea ∆Eb VDE Gap 
XXXI 0.329 0.282 3.731 0.278 
XXXII 0.333 0.315 3.348 0.879 
XXXIII 0.333 0.286 3.699 0.335 
XXXIV 0.341 0.296 3.607 0.405 
XXXV 0.356 0.307 3.872 0.156 
XXXVI 0.36 0.294 3.768 0.398 
XXXVII 0.36 0.36 3.141 1.144 
XXXVIII 0.361 0.303 3.67 0.292 
XXXIX 0.362 0.312 3.823 0.223 
XL 0.38 0.319 3.876 0.22 
XLI 0.381 0.387 3.692 0.371 
XLII 0.387 0.328 3.772 0.151 
XLIII 0.391 0.349 3.797 0.155 
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Table A4.3. Experimental first VDE (eV) labeled X in plots, the energy gap (eV) between peaks 
labeled X and A or peaks labeled X’ and A’ from the 193nm experimental spectra for Au22CO− , 
relative energies (eV) computed at PBE0/ CRENBL-ECP  (∆Ea) and PBE0/CRENBL-ECP(with 
SO effects for Au) (∆Eb) levels (with all isomers being optimized at the PBE0/CRENBL-ECP 
level), theoretical first VDE (eV) and energy gap (eV) 
Isomer ∆Ea ∆Eb VDE Gap 
I 0 0 3.218 0.592 
II 0.096 0.128 3.154 0.855 
III 0.102 0.095 3.329 0.428 
IV 0.13 0.124 3.587 0.123 
V 0.154 0.152 3.442 0.392 
VI 0.168 0.181 3.431 0.462 
VII 0.169 0.156 3.305 0.494 
VIII 0.175 0.182 3.206 0.637 
IX 0.18 0.169 3.244 0.586 
X 0.183 0.172 3.526 0.204 
XI 0.183 0.173 3.369 0.381 
XII 0.184 0.164 3.292 0.449 
XIII 0.196 0.195 3.235 0.718 
XIV 0.199 0.216 3.376 0.566 
XV 0.208 0.246 3.433 0.531 
XVI 0.214 0.204 3.365 0.418 
XVII 0.218 0.212 3.315 0.213 
XVIII 0.219 0.22 3.381 0.402 
XIX 0.22 0.211 3.094 0.35 
XX 0.236 0.236 3.415 0.505 
XXI 0.238 0.231 3.21 0.647 
XXII 0.243 0.246 3.431 0.297 
XXIII 0.254 0.246 3.648 0.049 
XXIV 0.256 0.245 3.323 0.515 
XXV 0.257 0.251 3.393 0.395 
XXVI 0.261 0.291 3.373 0.607 
XXVII 0.264 0.263 3.511 0.351 
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Table A4.4. Experimental first VDE (eV) labeled X in plots, the energy gap (eV) between peaks 
labeled X and A or peaks labeled X’ and A’ from the 193nm experimental spectra for Au22CO− , 
relative energies (eV) computed at PBE0/ CRENBL-ECP  (∆Ea) and PBE0/CRENBL-ECP(with 
SO effects for Au) (∆Eb) levels (with all isomers being optimized at the PBE0/CRENBL-ECP 
level), theoretical first VDE (eV) and energy gap (eV) 
Isomer ∆Ea ∆Eb VDE Gap 
XXVIII 0.269 0.235 3.615 0.092 
XXIX 0.273 0.28 3.327 0.538 
XXX 0.275 0.289 2.988 0.683 
XXXI 0.277 0.287 3.495 0.376 
XXXII 0.281 0.277 3.401 0.402 
XXXIII 0.291 0.279 3.094 0.791 
XXXIV 0.293 0.308 3.233 0.745 
XXXV 0.296 0.261 3.085 0.767 
XXXVI 0.298 0.291 3.519 0.262 
XXXVII 0.308 0.304 3.507 0.316 
XXXVIII 0.311 0.323 3.445 0.481 
XXXIX 0.313 0.308 3.528 0.178 
XL 0.318 0.329 3.198 0.8 
XLI 0.319 0.325 3.533 0.26 
XLII 0.33 0.33 3.553 0.208 
XLIII 0.332 0.327 3.283 0.229 
XLIV 0.333 0.289 3.516 0.193 
XLV 0.334 0.328 3.495 0.224 
XLVI 0.335 0.336 3.591 0.189 
XLVII 0.338 0.357 3.474 0.405 
XLVIII 0.355 0.354 3.256 0.538 
XLIX 0.374 0.388 3.562 0.154 
L 0.401 0.398 3.759 0.109 
LI 0.412 0.423 3.08 1.074 
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Table A4.5. Experimental first VDE (eV) labeled X in plots, the energy gap (eV) between peaks 
labeled X and A or peaks labeled X’ and A’ from the 193nm experimental spectra for Au23CO− , 
relative energies (eV) computed at PBE0/ CRENBL-ECP  (∆Ea) and PBE0/CRENBL-ECP(with 
SO effects for Au) (∆Eb) levels (with all isomers being optimized at the PBE0/CRENBL-ECP 
level), theoretical first VDE (eV) and energy gap (eV) 
Isomer ∆Ea ∆Eb VDE Gap 
I 0 0 3.723 0.317 
II 0.033 0.054 3.717 0.231 
III 0.036 0.028 3.631 0.251 
IV 0.053 0.073 3.84 0.233 
V 0.055 0.081 3.896 0.109 
VI 0.069 0.091 3.738 0.294 
VII 0.068 0.079 3.82 0.121 
VIII 0.083 0.087 3.808 0.165 
IX 0.094 0.093 3.728 0.329 
X 0.095 0.103 3.634 0.279 
XI 0.097 0.121 3.511 0.36 
XII 0.101 0.128 3.851 0.276 
XIII 0.105 0.12 3.694 0.346 
XIV 0.107 0.127 3.688 0.179 
XV 0.108 0.131 3.781 0.329 
XVI 0.11 0.118 3.722 0.343 
XVII 0.113 0.117 3.707 0.18 
XVIII 0.114 0.14 3.765 0.218 
XIX 0.114 0.147 3.827 0.151 
XX 0.123 0.135 3.576 0.384 
XXI 0.128 0.14 3.724 0.27 
XXII 0.13 0.125 3.571 0.373 
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Table A4.6. Experimental first VDE (eV) labeled X in plots, the energy gap (eV) between peaks 
labeled X and A or peaks labeled X’ and A’ from the 193nm experimental spectra for Au23CO− , 
relative energies (eV) computed at PBE0/ CRENBL-ECP  (∆Ea) and PBE0/CRENBL-ECP(with 
SO effects for Au) (∆Eb) levels (with all isomers being optimized at the PBE0/CRENBL-ECP 
level), theoretical first VDE (eV) and energy gap (eV) 
Isomer ∆Ea ∆Eb VDE Gap 
XXIII 0.141 0.182 3.943 0.105 
XXIV 0.153 0.162 3.808 0.198 
XXV 0.153 0.21 3.982 0.136 
XXVI 0.154 0.18 3.82 0.177 
XXVII 0.157 0.175 3.695 0.393 
XXVIII 0.161 0.186 3.902 0.199 
XXIX 0.161 0.189 3.74 0.212 
XXX 0.162 0.175 3.753 0.227 
XXXI 0.164 0.187 3.818 0.126 
XXXII 0.168 0.182 3.822 0.285 
XXXIII 0.193 0.228 3.892 0.282 
XXXIV 0.199 0.211 3.817 0.044 
XXXV 0.2 0.195 3.66 0.288 
XXXVI 0.208 0.232 3.762 0.225 
XXXVII 0.232 0.271 3.874 0.132 
XXXVIII 0.233 0.26 3.776 0.419 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
205 
 
Table A4.7. Experimental first VDE (eV) labeled X in plots, the energy gap (eV) between peaks 
labeled X and A or peaks labeled X’ and A’ from the 193nm experimental spectra for Au24CO− , 
relative energies (eV) computed at PBE0/ CRENBL-ECP  (∆Ea) and PBE0/CRENBL-ECP(with 
SO effects for Au) (∆Eb) levels (with all isomers being optimized at the PBE0/CRENBL-ECP 
level), theoretical first VDE (eV) and energy gap (eV) 
Isomer ∆Ea ∆Eb VDE Gap 
I 0 0 3.7 0.072 
II 0.015 0.003 3.318 0.584 
III 0.073 0.062 3.195 0.666 
IV 0.078 0.09 3.285 0.721 
V 0.091 0.099 3.333 0.597 
VI 0.095 0.094 3.348 0.271 
VII 0.101 0.092 3.386 0.403 
VIII 0.105 0.109 3.389 0.417 
IX 0.111 0.139 3.313 0.699 
X 0.113 0.108 3.358 0.439 
XI 0.124 0.141 3.706 0.178 
XII 0.135 0.151 3.338 0.65 
XIII 0.138 0.152 3.247 0.572 
XIV 0.149 0.161 3.66 0.207 
XV 0.161 0.154 3.449 0.153 
XVI 0.163 0.2 3.361 0.545 
XVII 0.164 0.184 3.359 0.568 
XVIII 0.166 0.198 3.175 0.729 
XIX 0.168 0.17 3.629 0.234 
XX 0.171 0.177 3.429 0.505 
XXI 0.175 0.178 3.453 0.326 
XXII 0.177 0.19 3.366 0.613 
XXIII 0.178 0.188 3.444 0.489 
XXIV 0.186 0.207 3.497 0.334 
XXV 0.188 0.201 3.646 0.301 
XXVI 0.191 0.227 3.594 0.369 
XXVII 0.197 0.189 3.567 0.232 
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Table A4.8. Experimental first VDE (eV) labeled X in plots, the energy gap (eV) between peaks 
labeled X and A or peaks labeled X’ and A’ from the 193nm experimental spectra for Au24CO− , 
relative energies (eV) computed at PBE0/ CRENBL-ECP  (∆Ea) and PBE0/CRENBL-ECP(with 
SO effects for Au) (∆Eb) levels (with all isomers being optimized at the PBE0/CRENBL-ECP 
level), theoretical first VDE (eV) and energy gap (eV) 
Isomer ∆Ea ∆Eb VDE Gap 
XXVIII 0.199 0.198 3.472 0.283 
XXIX 0.2 0.212 3.409 0.374 
XXX 0.207 0.203 3.47 0.364 
XXXI 0.211 0.203 3.348 0.486 
XXXII 0.211 0.198 3.357 0.356 
XXXIII 0.218 0.234 3.282 0.481 
XXXIV 0.22 0.226 3.618 0.145 
XXXV 0.233 0.244 3.429 0.404 
XXXVI 0.235 0.265 3.245 0.83 
XXXVII 0.237 0.236 3.651 0.162 
XXXVIII 0.238 0.241 3.352 0.542 
XXXIX 0.239 0.275 3.422 0.602 
XL 0.241 0.246 3.745 0.133 
XLI 0.258 0.263 3.392 0.509 
XLII 0.267 0.307 3.265 0.65 
XLIII 0.273 0.294 3.14 0.765 
XLIV 0.274 0.286 3.428 0.32 
XLV 0.279 0.301 3.709 0.228 
XLVI 0.29 0.308 3.441 0.494 
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Table A4.9. Experimental first VDE (eV) labeled X in plots, the energy gap (eV) between peaks 
labeled X and A or peaks labeled X’ and A’ from the 193nm experimental spectra for Au25CO− , 
relative energies (eV) computed at PBE0/ CRENBL-ECP  (∆Ea) and PBE0/CRENBL-ECP(with 
SO effects for Au) (∆Eb) levels (with all isomers being optimized at the PBE0/CRENBL-ECP 
level), theoretical first VDE (eV) and energy gap (eV) 
Isomer ∆Ea ∆Eb VDE Gap 
I 0 0 3.76 0.177 
II 0.013 0.029 3.875 0.177 
III 0.068 0.081 3.936 0.063 
IV 0.126 0.163 3.911 0.086 
V 0.141 0.133 3.772 0.176 
VI 0.165 0.174 3.89 0.081 
VII 0.182 0.198 3.924 0.123 
VIII 0.186 0.252 3.898 0.19 
IX 0.19 0.197 3.847 0.079 
X 0.213 0.215 3.831 0.047 
XI 0.22 0.24 3.918 0.127 
XII 0.236 0.227 3.849 0.143 
XIII 0.253 0.278 3.798 0.213 
XIV 0.256 0.308 3.85 0.228 
XV 0.279 0.286 3.777 0.169 
XVI 0.279 0.288 3.722 0.255 
XVII 0.283 0.307 3.767 0.371 
XVIII 0.284 0.301 3.878 0.14 
XIX 0.308 0.322 3.767 0.173 
XX 0.308 0.335 3.811 0.211 
XXI 0.31 0.337 3.858 0.125 
XXII 0.311 0.331 3.769 0.274 
XXIII 0.316 0.319 3.659 0.257 
XXIV 0.317 0.335 3.877 0.166 
XXV 0.322 0.353 3.906 0.15 
XXVI 0.323 0.315 3.763 0.106 
XXVII 0.33 0.382 3.626 0.159 
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Table A4.10. Experimental first VDE (eV) labeled X in plots, the energy gap (eV) between peaks 
labeled X and A or peaks labeled X’ and A’ from the 193nm experimental spectra for Au25CO− , 
relative energies (eV) computed at PBE0/ CRENBL-ECP  (∆Ea) and PBE0/CRENBL-ECP(with 
SO effects for Au) (∆Eb) levels (with all isomers being optimized at the PBE0/CRENBL-ECP 
level), theoretical first VDE (eV) and energy gap (eV) 
Isomer ∆Ea ∆Eb VDE Gap 
XXVIII 0.337 0.34 3.671 0.254 
XXIX 0.338 0.359 3.805 0.255 
XXX 0.339 0.34 3.728 0.219 
XXXI 0.341 0.372 3.73 0.37 
XXXII 0.342 0.368 3.813 0.174 
XXXIII 0.353 0.378 3.768 0.231 
XXXIV 0.356 0.363 3.83 0.106 
XXXV 0.358 0.393 3.846 0.315 
XXXVI 0.36 0.386 3.7 0.258 
XXXVII 0.366 0.387 3.821 0.102 
XXXVIII 0.372 0.396 3.919 0.057 
XXXIX 0.375 0.388 3.776 0.231 
XL 0.378 0.369 3.685 0.222 
XLI 0.383 0.398 3.718 0.341 
XLII 0.384 0.398 3.905 0.137 
XLIII 0.386 0.416 3.71 0.27 
XLIV 0.389 0.406 3.644 0.348 
XLV 0.389 0.422 3.8 0.142 
XLVI 0.398 0.414 3.755 0.176 
XLVII 0.403 0.454 3.853 0.235 
XLVIII 0.404 0.415 3.754 0.226 
XLIX 0.405 0.411 3.828 0.089 
L 0.406 0.431 3.74 0.267 
LI 0.408 0.436 3.774 0.167 
LII 0.415 0.438 3.605 0.34 
LIII 0.422 0.434 3.666 0.21 
LIV 0.442 0.494 3.822 0.274 
LV 0.445 0.439 3.696 0.327 
LVI 0.454 0.461 3.723 0.321 
LVII 0.472 0.458 3.851 0.162 
LVIII 0.525 0.553 3.439 0.791 
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Table A4.11. Assigned isomers of Au
n
CO−
 
clusters and RMSD in the peak positions. In case where 
more than one isomer is assigned the RMSD in peak positions is calculated for the overlay of 
spectra of the major and minor isomers. 
Anion 
Cluster 
Major 
Isomer 
Minor 
Isomer 
RMSD 
(in eV) 
Au21CO
−
 IV II 0.018 
Au22CO
−
 I III, IV 0.022 
Au23CO
−
 VII - 0.021 
Au24CO
−
 II - 0.063 
Au25CO
−
 I II 0.064 
 
 
 
Figure A4.1. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au21CO−. 
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Figure A4.2. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au21CO−. 
 
 
Figure A4.3. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au21CO−. 
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Figure A4.4. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au21CO−. 
 
 
Figure A4.5. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au21CO−. 
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Figure A4.6. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au21CO−. 
 
 
Figure A4.7. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au22CO−. 
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Figure A4.8. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au22CO−. 
 
 
Figure A4.9. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au22CO−. 
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Figure A4.10. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au22CO−. 
 
 
Figure A4.11. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au22CO−. 
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Figure A4.12. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au22CO−. 
 
 
Figure A4.13. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au22CO−. 
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Figure A4.14. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au23CO−. 
 
 
Figure A4.15. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au23CO−. 
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Figure A4.16. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au23CO−. 
 
 
Figure A4.17. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au23CO−. 
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Figure A4.18. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au23CO−. 
 
 
Figure A4.19. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au24CO−. 
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Figure A4.20. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au24CO−. 
 
 
Figure A4.21. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au24CO−. 
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Figure A4.22. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au24CO−. 
 
 
Figure A4.23. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au24CO−. 
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Figure A4.24. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au24CO−. 
 
 
Figure A4.25. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au25CO−. 
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Figure A4.26. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au25CO−. 
 
 
Figure A4.27. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au25CO−. 
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Figure A4.28. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au25CO−. 
 
 
Figure A4.29. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au25CO−. 
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Figure A4.30. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au25CO−. 
 
 
Figure A4.31. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au25CO−. 
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Figure A4.32. Comparison of the simulated spectra with the 193 nm experimental spectra for the 
low-lying isomers of Au25CO−. 
 
 
 
 
 
Figure A4.33. Comparison of the combined simulated spectrum (with isomer IV as major and 
isomer I as minor) with the 193 nm experimental spectra of Au21CO−. 
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Figure A4.34. Comparison between the energies of the HOMO and LUMO levels of Au21−, 
Au21CO− clusters and free CO molecule. The zero of the energy scale is the vacuum level. 
 
 
 
Figure A4.35. Comparison between the energies of the HOMO and LUMO levels of Au22−, 
Au22CO− clusters and free CO molecule. The zero of the energy scale is the vacuum level. 
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Figure A4.36. Comparison between the energies of the HOMO and LUMO levels of Au23−, 
Au23CO− clusters and free CO molecule. The zero of the energy scale is the vacuum level. 
 
 
Figure A4.37. Comparison between the energies of the HOMO and LUMO levels of Au24−, 
Au24CO− clusters and free CO molecule. The zero of the energy scale is the vacuum level. 
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Figure A4.38. Comparison between the energies of the HOMO and LUMO levels of Au25−, 
Au25CO− clusters and free CO molecule. The zero of the energy scale is the vacuum level. 
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